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Abstract 
Abstract 
This thesis details work done in the use of polyaniline as a novel material for membrane 
fabrication for use in organic solvent nanofiltration. 
Since polyaniline is expensive, the polymer was synthesised in our laboratory. The first 
section of the thesis will present work on polymer synthesis, including the fabrication of 
phase-inversion membranes. Previous studies on dense film polyaniline membranes had 
already shown that excellent gas separation properties could be induced by doping and 
then dedoping with acids. The aim was to fabricate intrinsically-skinned asymmetric 
polyaniline membranes for use in liquid nanofiltration using such an acid doping 
method. These membranes were first doped with larger organic acids and crosslinked so 
as to ensure chemical stability. Upon dedoping, these membranes were nanoporous and 
gave high rejections in the nanofiltration range. This was the first time polyaniline 
membranes had been developed for organic solvent nanofiltration. A new method of 
acid doping via direct addition before casting was also developed to ensure even doping 
of the polymer. Thermally crosslinked membranes gave good permeate fluxes in 
methanol and acetone but no fluxes in harsh solvents such as A^jV-dimethylformamide. 
Chemical crosslinking was used next to circumvent the various problems associated 
with thermal crosslinking. Glutaraldehyde and a,a'-dichloro-p-xylene were both 
successfully used to chemically crosslink the polyaniline membranes for use in 
nanofiltration. These chemically crosslinked membranes were more porous and gave 
good fluxes in A^,A^-dimethylformamide. 
Finally, the thesis focuses on the attempts to scale-up these promising membranes. 
Spiral-wound elements and hollow fibre articles were made for successfiil nanofiltration 
testing, demonstrating the feasibility of utilising these membranes in the future for 
industrial applications. Due to the very low molecular weight cut-off of these 
membranes, possibly applications include solvent exchange or catalyst recycle 
operations. 
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Chapter 1 
1. Introduction and Scope of Thesis 
Polyaniline (PAni) has been a very well studied polymer due to its conductive 
properties and its reaction with acids in general. PAni has also been well studied as a 
material for membrane fabrication due to its basic nature, easy synthesis and unique 
properties after reaction with acids. Investigations into PAni membranes for fluid 
separations however, have been primarily limited to PAni membranes particularly in gas 
separations. Despite the results achieved for gas separation, to date, PAni membranes 
are not commercially available due to its limited use and difficulties in solution 
processibility. In this thesis, PAni as a membrane material for fluid separations will be 
extended to solvent nanofiltration. Particular emphasis will be placed on the 
development of membrane scale-up including PAni hollow fibres for use in both liquid 
separations. 
Nanofiltration membranes are semi-permeable barriers that show selectivity of species 
in the 200 - 1000 g mol"^  range. In this study, emphasis will be placed on organic 
solvent nanofiltration (OSN), which is an emerging technology utilising membranes 
specifically designed for use in organic solvents. The major uses of OSN are currently 
in food processing [1] and refinery processes [2]. Indeed, one of the largest OSN 
facilities in known use is in the Texas refinery at Exxonmobil, Beaumont. Nanofiltration 
membranes are used in the lube oil processing area to recover in excess of 300 x 10^  m^ 
per year of clean solvent for internal recycle [3]. However, OSN is definitely not 
restricted to these two industries and has been shown to be usefial in many applications 
such as solvent exchange, homogeneous catalyst recycle and ionic liquid separations [4, 
5]. Unfortunately, whilst there is huge potential benefit to be able to effect molecular 
separations in non-aqueous solvents, exploitation of this technology has been limited by 
the lack of suitable membranes. Although some OSN membranes are commercially 
available, current membranes have limited solvent and temperature stability. More 
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recently, methods for OSN membrane fabrication have emerged especially in areas of 
polymer crosslinking. However, materials for OSN membrane fabrication remain 
limited to a few classes of organic polymers. In this thesis, a novel strategy for 
fabricating OSN membranes using PAni will be studied where nanoporosity will be 
induced in an otherwise dense membrane. 
In 1991, Anderson et al. showed that PAni could have gas permeation properties due to 
a process of adding, removing and further adding of acids to PAni [6]. These processes 
will henceforth be called doping, dedoping and redoping respectively. In their work, a 
dense free-standing film of the unprotonated PAni was soaked in various strong acids. 
The strong electrostatic interactions involved in the protonation of the PAni nitrogen, 
through a strong acid, forced the polymer network to conformationally re-organise, so 
as to accommodate the proton of the acid and the counterion. Subsequent removal of the 
acid resulted in inducing porosity due to the acid in the membrane matrix (Figure 1.1). 
Partial redoping of the dedoped film had an additional effect on gas permeabilities since 
an inclusion of (different sized) acid counterions led to a change in the dimensions of 
the pores. 
Protonation of 
basic sites Removal of acid 
Nanopore 
Figure 1.1 Idealised illustration of acid doping/dedoping process applied to membranes. 
Top row is an example of the doping of one polymer chain. Bottom row shows the 
effect of doping of one site on the membrane matrix. 
One of the major objectives of this thesis will be to apply this novel idea of using acid 
dopants to induce porosity to solvent nanofiltration by using larger acid dopants. One 
major advantage of this method would be the possibility of having membranes with 
very narrow pore-size distributions since the counterions of the acid would be of a 
similar size. Furthermore, the strategy of crosslinking of PAni would be pursued to 
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ensure that the membranes were solvent stable in most organic solvents, especially polar 
aprotic solvents. Strategies of crosslinking before and after acid dopant removal will 
also be explored to understand how crosslinking affects the porosity induced. 
Before nanofiltration tests can be analysed, methods for PAni synthesis and membrane 
manufacture will be covered. Currently, there are few studies published in the literature 
of PAni as a membrane specifically for liquid nanofiltrations. Therefore, Chapter 3 will 
first describe the efforts made to synthesise the polymer in our laboratories so as to have 
control over the quality and molecular weight of PAni. With this control, techniques for 
membrane fabrication, in particular the phase inversion technique will then be utilised 
to fabricate intrinsically skinned asymmetric PAni membranes. 
Since one of the main objectives was to investigate the use of this strategy for OSN 
membranes, a method had to be used for characterising the membrane separation 
performance in organic solvents. In OSN, membrane selection is often based on the 
molecular weight cut-off (MWCO) as specified by the manufacturer. However, as 
techniques for obtaining MWCO values are often not disclosed, this leads to non-
uniformity when comparing across different membranes. Different methods of testing 
can lead to inconsistencies in MWCO determination and the selection of a suitable 
membrane for the end-user necessitates the screening of many membranes. In the end of 
Chapter 3, the thesis will describe the development of a method to standardise this 
procedure. 
With the groundwork laid out in Chapter 3, Chapter 4 will describe the methods and 
approaches taken to pursue the strategy of acid doping in inducing nanoporosity. 
Conventionally, for gas separations, membranes were doped after fabrication. Since 
larger acids (relative to those used for gas separations) were used, methods of doping of 
PAni before membrane fabrication were also explored. Chapter 4 will describe the 
successftil use of organic acids as dopants for PAni OSN membrane fabrication. These 
membranes were made solvent-stable using a method of thermal crosslinking. An in-
depth characterisation and analysis of the thermal crosslinking method will also be 
described in this chapter. 
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Chapter 5 will offer alternative strategies to thermal crosslinking of the PAni 
membranes using chemical crosslinkers. The intention here was to improve upon the 
membranes by overcoming the disadvantages that arose from thermal crosslinking; such 
as limited choice of backing, brittleness, low solvent fluxes. Chemical crosslinking also 
offered better control in terms of crosslinking degree. This resulted in greater solvent 
fluxes through the PAni membrane such that j%7V-dimethylformamide (DMF), which 
gave no fluxes in thermal crosslinking, could be tested. Nanofiltration results of these 
membranes to ascertain long term solvent stability as well as performance in elevated 
temperatures will also be presented. Lastly, a brief analysis of the membrane using 
pore-flow modelling will be performed to try and understand how nanofiltration 
performance of these membranes translates to pore size descriptions. 
Finally, the work in Chapter 6 builds on the methodology established in the previous 
two chapters to scale-up these interesting PAni membranes. In particular, efforts were 
directed to manufacture the PAni membranes into spiral-wound configuration and 
hollow fibre forms. Such scale-up feasibility studies are essential to extend the potential 
of these membranes to industrial applications since both the spiral-wound and hollow 
fibre configurations allow for a large membrane area in small volumes. Methods for 
membrane scale-up will be described here and their respective performances in OSN 
testing will also be presented. 
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2. Background 
2.1 Introduction 
Membrane technology has come to occupy an important niche in chemical separations 
technology over the past few decades. The main advantages of membrane technology 
are the fact that it works without the addition of chemicals, with a relatively low energy 
use and easy process integration. Membrane technology is a generic term encompassing 
a number of different separation processes with a single commonality; they all require 
the use of a selective semi-permeable barrier as a basic separation element. Therefore, 
the basic principle behind a membrane is that it allows certain species to permeate 
through whilst hindering the passage of other compounds. 
2.2 Membrane Separation Processes 
In general, separation processes can be approximately classified in the following [7]: 
i) Concentration: the desired component is present in a low concentration 
and solvent has to be removed. 
ii) Purification-, undesirable impurities have to be removed 
iii) Fractionation: a mixture must be separated into two or more desired 
components 
iv) Reaction mediation: combination of a chemical or biochemical reaction 
with a continuous removal of products will increase the reaction rate 
Membrane processes separate a feed stream into two effluent streams known as 
permeate and retentate or concentrate. The permeate stream is the portion of the fluid 
that has passed through the membrane and the retentate contains the remainder that have 
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been retained by the membrane. Figure 2.1 below shows the schematic of the streams 
associated with a typical membrane separation system. 
Retentate 
Feed 
• 
Membrane — Permeate 
Figure 2.1 Schematic of membrane separation process. 
Of course a driving force will have to be exerted for transport to occur and this often 
consists of a combination of potential gradient, pressure gradient, electric potential 
gradient and temperature gradient. 
Depending on the design of the membrane module, the desired product can either be the 
permeate or retentate stream. Before going into the different membrane processes. Table 
2.1 presents the advantages and disadvantages of membrane separation technology. 
Table 2.1 Advantages and disadvantages of membrane separation technology. 
Advantages Disadvantages 
Low energy consumption 
Mild conditions 
Can be easily combined with other 
processes 
Up-scaling is easy 
Concentration polarisation/fouling 
Low membrane lifetime 
Low selectivity or flux 
Up-scaling factor is linear 
There are a multitude of membrane processes serving different separation needs, from 
pressure driven ultrafiltration to electrical potential difference driven electrodialysis. 
Table 2.2 shows a classification of membrane processes according to their respective 
driving forces. 
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Table 2.2 Classification of membrane processes according to driving force. 
Pressure Concentration Temperature Electrical potential 
Microfiltration Pervaporation Thermo-osmosis Elecfrodialysis 
Ultrafiltration Gas Separation Membrane Elecfro-osmosis 
Nanofilfration Dialysis distillation Membrane 
Reverse Osmosis Vapour permeation Elecfrolysis 
As liquid nanofiltration is a major concern for this project, a brief description of the 
pressure gradient driven processes will be presented below, namely, microfiltration, 
ultrafiltration, reverse osmosis and nanofiltration. Gas separation will be covered in 
greater detail in Chapter 7. 
Microfiltration (MF) 
Microfiltration is the membrane process which most closely resembles conventional 
coarse filtration. MF membranes have typical pores sizes fi-om 10 to 0.1 )j,m and are 
thus useful for filtering suspensions and emulsions. The pressure driving force is often 
low and seldom exceeds 2 bar. For MF, inorganic membranes are often preferred over 
polymeric membranes because of their superior chemical and thermal resistance. 
Furthermore, at these pores sizes, the pores of the inorganic membranes can be easily 
controlled. MF is used in a variety of industrial applications from cell harvesting and 
waste-water treatment to clarification of fruit juice and oil-water emulsion separation. 
Ultrafiltration (UF) 
Ultrafilfration membrane pore sizes range from 0.1 p,m to >1 nm. UF is typically used 
to filter macromolecules with as low a molecular weight as a few thousand Daltons. UF 
membranes are mostly polymeric materials because the top layer of the membrane has 
to be a lot denser than MF membranes. UF processes normally operate at 2 - 10 bar and 
are generally applied to aqueous solutions. Applications of UF can be found in a wide 
variety of industries such as dairy, metallurgy and leather. 
Reverse Osmosis (RO) 
Reverse osmosis processes are similar to nanofilfration in their objectives and are used 
when very low molecular weight solutes such as inorganic salts and small organic 
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compounds need to be fihered. Very dense membranes have to be used for RO. As a 
result, the operating pressures have to be lot higher to overcome the high hydrodynamic 
resistance as well as the osmotic pressure. Purification of seawater using RO is a 
famous example. RO operating pressures can sometimes go up to 200 bar [8]. Other 
than for seawater purification, RO finds applications in concentration of sugars and 
milk. 
Nanofiltration 
Since nanofiltration is a major focus of this project, it will be covered in greater detail in 
Section 2.5. Organic solvent nanofiltration will also be discussed in Section 2.5. 
2.3 Membrane Types and Materials 
Materials used for membranes cover a wide range from organic polymeric materials to 
inorganic materials. Membranes are normally solid although research has been done on 
liquid membranes [9]. Generally, materials for solid membranes can be classified into 
three types [10]: synthetic polymers (e.g. polysulfones, polyamides), modified natural 
products (e.g. cellulose) and miscellaneous (e.g. inorganic, liquid). 
The material should ideally be chemically resistant, mechanically stable, thermally 
stable, have high permeability and a high selectivity. The membranes fabricated in this 
study will be useful only if they meet these criteria. Membranes can be classified into 
three basic types according to the structure and the separation principles: porous, non-
porous and carrier membranes [7]. 
Porous membranes contain fixed pores and selectivity is mainly determined by the 
dimensions of the pores. These membranes are used in MF and UF. Porous membranes 
can be made from sintering, stretching, track-etching. 
Nonporous membranes are used in gas separation, NF and pervaporation. The 
performance of the membrane is determined by the permeability and diffusivity of 
species through the membranes. Nonporous membranes in general are harder to 
fabricate than porous ones. 
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Carrier membranes allow for the specific transport of molecules across the membrane 
by the presence of a carrier molecule either in the mobile phase or on the surface of the 
membrane. One such example is the lipid bilayer in cell membranes. 
2.3.1 Polymeric materials and properties 
As mentioned before, membranes have to be chemically and thermally stable and 
mechanically strong under filtration conditions. Although inorganic materials generally 
possess superior chemical and thermal stability relative to organic polymeric materials, 
their popular use has been limited to the field of microfiltration and ultrafiltration. 
Although inorganic materials are being researched for nanofiltration [11], organic 
polymers are currently still the material of choice. 
Several types of polymers are used in the synthesis of membranes; homopolymers, 
copolymers, graft polymers and block polymers. Polymers used may also be either 
linear or branched. The stability of polymers can be classified as either softening, where 
there is a reversible change or loss of properties and decomposition/degradation which 
is irreversible. The latter situation is a result of the cleavage of covalent bonds within 
the polymer chain. This degradation might be induced chemically or thermally. As 
temperature is increased, there is often a change of state from glassy to rubbery 
followed eventually by degradation. Rigid polymer chains will have a higher glass 
transition temperature (the temperature range in which the properties change from 
glassy to rubbery). The inclusion of side groups such as aromatic and heterocyclics in 
the polymer chains all result in the increase in thermal and chemical stability of the 
membrane. However, the solubilities of these polymers tend to be low. Thus, there must 
be a balance between the desired stability and the processibility of the polymeric 
material [12]. 
2.3.2 Polymer and solvent interactions 
Polymer and solvent interactions are important factors to consider in membrane 
fabrication. They are also important in the understanding of the transport mechanisms 
[13]. The Flory-Huggins parameter % is commonly used to represent the interactions 
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between polymers and solvents [14]. The activity of the solvent inside the polymer may 
be given by the following equation; 
In G; = In (j). + (1 - + X(l>p^  (2-1) 
p 
a{ is the activity of the solvent, Vp and Vi refer to the molar volumes of the polymer and 
solvent respectively and (f) i is the volume fraction of the polymer. A value of % > 2 
implies little interaction between the solvent and the polymer while a value of % < 0.5 
represents large interactions which often result in solvation of the polymer in the 
solvent. The Flory-Huggins parameter may be estimated using the Hildebrand solubility 
parameter (by the Flory-Rehner theory using membrane swelling experiments [15]). 
The Hildebrand solubility parameter 6, is a popular measurement used to estimate and 
compare the affinities between solvents and polymeric materials [16]. Theoretically, 5 
of a substance is calculated as the square root of the cohesive energy density; which is 
the energy required to completely remove a unit volume of molecules from the 
neighbours to infinite separation, equivalent to the heat of vaporisation divided by the 
molar volume. Materials with similar solubility parameters will be able to interact with 
each other, resulting in salvation, miscibility or swelling. The Hildebrand solubility 
parameter might be important indicators in the choice of solvents for polymer 
dissolution in membrane casting as well as for understanding solvent swelling and 
permeation flux through membranes. 
2.4 Preparation of Synthetic JMembranes 
There are a number of preparation techniques which enable a membrane to be prepared 
from a given material. Sintering, stretching, track-etching and phase inversion are just a 
few of the techniques. Most commercially available membranes are made by phase 
inversion processes [7]. As the membranes in this study will be made using phase 
inversion for membrane fabrication, the rest of this section will cover the specifics on 
phase inversion membranes. 
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2.4.1 Phase inversion process 
Phase inversion is a process whereby a polymer solution is transformed in a controlled 
manner to a solid state. This process of solidification is typically initiated by the 
transition of one liquid phase to two liquid phases. This is also known as liquid-liquid 
demixing. The liquid phase with the higher polymer concentration will solidify thus 
forming the solid matrix. Hence, control of the initial stage of phase transition leads to 
control of the membrane morphology. This makes phase inversion a versatile and 
popular technique for membrane fabrication. The phase separation can be induced by 
several means. 
Thermal precipitation: where demixing is induced by a temperature decrease and the 
solvent is subsequently removed by evaporation or freeze drying. 
Solution evaporation: where the polymer is dissolved in a volatile solvent and the 
solvent is allowed to evaporate in an inert atmosphere. This allows a dense 
homogeneous membrane to be obtained. 
Precipitation using a vapour phase involves casting the polymer solution in an 
environment saturated with the non-solvent vapour. This prevents evaporation of the 
solvent and precipitation occurs when non-solvent enters the solution [17]. 
Immersion precipitation is the most commonly used technique where the polymer 
solution is cast on a support and immersed in a coagulation bath containing a non-
solvent. Precipitation takes place due to the exchange of solvent and non-solvent. The 
membrane structure is asymmetric as a result of the influence of both mass transfer and 
phase separation phenomena. An exhaustive review on phase inversion is presented by 
vandeWitte et al. [18]. All phase inversion processes are based on the same 
thermodynamic principles and of these, it is the liquid-liquid demixing that plays a 
central role in the formation of membrane morphology [19]. 
2.4.2 Liquid-liquid demixing 
For a system of 3 phases, polymer, solvent and non-solvent, the ternary phase diagram 
shown in Figure 2.2 can be drawn. 
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Polymer 
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Solvent Non-Solvent 
Figure 2.2 Ternary phase diagram with a hypothetical composition path. 
The binodal and spinodal lines are obtained from the thermodynamics of demixing [7]. 
The homogeneous phase is the area between the solvent/polymer axis and the binodal 
line. The area on the right indicates the demixing gap. The size and location of this gap 
is determined by the molar volumes of the three components and their respective 
interactions. These interactions are the same described by the Flory-Huggins parameter 
(see Section 2.3.2). The influence of these variables on the phase diagram have been 
discussed by Yilmaz et al. [20] and Altena et al. [21] and may be summarised into two 
main points. 
i) Polymers and solvents with low affinity (large %) increase the magnitude 
of the demixing gap. 
ii) Low compatibility of solvent/non-solvent mixtures (large %) result in 
large differences in solvent/non-solvent ratio in the equilibrium phases. 
As mentioned earlier, the membrane morphology depends on the liquid-liquid 
demixing. Since immersion precipitation will be the fabrication technique used in this 
project, it is important to understand the different morphologies formed due to 
differences in immersion precipitation parameters. 
2.4.3 Membrane morphology from immersion precipitation 
Kimmerle et al. [22] have identified five structure elements in the morphology of 
membranes prepared by immersion precipitation; cellular structures, nodules, 
bicontinuous structures and macro voids. 
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Cellular structures 
These structures can be found in most membranes prepared using a delayed 
precipitation method. It has been argued that the formation of cellular structures is the 
result of the nucleation and growth of the polymer poor phase [23]. The time in delayed 
precipitation is important and under rapid demixing, the membranes formed tend to 
have a thin top layer and a sub-layer with macrovoids [18]. If this time delay is slow, 
the membranes formed typically possess a dense and thick top layer due to the high 
concentration of the polymer solution at the onset of demixing. Researchers have found 
that the porosity and degree of interconnectivity of the pores decreased with delayed 
demixing [24]. The speed of demixing depends on the mass transfer in solutions as well 
as the thermodynamics of the system. Ternary diagrams in Figure 2.3 show the 
composition path of a polymer solution at the moment of immersion in a non-solvent 
bath. 
Polymer Polymer 
a) Binodal 
Composite 
Path,' 
Spinodal 
b) Binodal 
Compositi/n 
Path, 
Spinodal 
Non-Solvent Solvent Non-Solvent Solvent 
Figure 2.3 a) Delayed demixing and b) instantaneous demixing, where the composition 
path goes through the meta-stable region between the spinodal and binodal lines. 
In case b), instantaneous demixing, the composition pathway will reach spinodal 
compositions without ever crossing into the meta-stable region, This will result in a 
membrane with a dense top layer and possibly a sub-layer with macrovoids (usually 
with water as the non-solvent [25]). In a), delayed demixing, the membrane will have a 
dense top layer due to the high concentration of the polymer solution at the onset of 
demixing as a result of the composition path having crossed into the meta-stable regions 
[24]. 
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Nodules 
Nodules can be described as partially fused spherical features with a diameter of 
approximately 20 - 200 nm. These structures are frequently observed in the top 
separation layer of UF and NF membranes. The origination and mechanism of 
formation for these features are uncertain and disputed in the literature [26]. Several 
hypotheses for these features have been proposed; 
1) aggregates already present in the dope solution [27-29] 
2) formation via liquid-liquid demixing during phase inversion [30-32] 
3) artefacts arising from SEM sample preparation [33, 34] 
From the literature, it is well acknowledged that these nodules occur in thin surface 
layers of high polymer concentration. Also, it has been well established that the 
diffusion processes in solvent demixing are much more rapid than the mobility of the 
polymer molecular chains during membrane formation. 
Bicontinuous structures 
Membranes with bicontinuous structures possess highly interconnected pore structures. 
These structures could form due to spinodal decomposition or a result of the 
coalescence of polymer poor droplets generated during the process of nucleation and 
growth. 
Macrovoids 
Macrovoids refer to long elongated voids that can stretch over the whole cross-section 
of the membrane. These structures are also commonly known as finger-like structures. 
In processes that require high-pressures, these structures could possibly affect the 
mechanical strength of the membranes. Macrovoids are commonly formed due to 
instantaneous demixing where the non-solvent is water [35]. Many techniques used to 
delay the onset of demixing during phase inversion will likely lead to reducing or 
elimination of macrovoids. 
2.4.4 Influence of various parameters on membrane morphology 
In this section, salient parameters that influence the membrane morphology will be 
discussed. 
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i) Choice of solvent/non-solvent system 
The selection of solvent and non-solvent for the polymer is an important first 
step. Obviously, the polymer must be able to completely dissolve in the solvent 
and the non-solvent must be miscible with the solvent. The mutual affinity 
between the solvent and non-solvent is a parameter that can be changed. 
Mixtures that have high affinity result in instantaneous demixing giving a 
macroporous structure [36]. On the other hand, if the mutual affinity is low, this 
will result in a delay in the onset of demixing forming a dense top-layer 
structure. A simple method used to delay the onset of demixing is to add solvent 
to the non-solvent coagulation bath [25]. 
ii) Polymer concentration 
The polymer concentration in the casting solution has a significant effect on the 
membranes cast. A low polymer concentration tends to favour the formation of 
finger-like structures whilst a high concentration favours formation of sponge-
like structures [35]. Mulder has reported that in using a cellulose 
acetate/dioxane/water system, the flux of ultrafiltration membranes formed 
decreased with increasing polymer concentration [7]. This is due to the higher 
initial polymer concentration at the polymer-bath interface leading to a denser 
top-layer. 
iii) Composition of the coagulation bath 
As mentioned earlier, the composition of the coagulation bath can affect 
membrane morphology by altering the time for demixing to occur. Deshmukh 
and Li [37] have shown this by spinning hollow fibres in a polyvinylidene 
difluoride (PVDF)/7V^A^dimethylacetamide/water system. By adding ethanol and 
changing the water: ethanol composition in the coagulation bath, they were able 
to show that the membrane changed from one with long finger-like structures, to 
one with a sponge-like structure. Another research group using PAN 
ultrafiltration membranes showed that the flux increased and the rejection 
decreased when very high amounts of solvent are present in the coagulation bath 
[38]. 
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iv) Composition of the polymer solution 
The non-solvent may also be added to the polymer solution to affect the 
morphology. The maximum amount of solvent added to the solution can be 
deduced from the ternary phase diagram. The non-solvent can be added as long 
as the composition does not enter the demixing gap. Adding non-solvent to the 
polymer solution has the effect of decreasing the time for demixing. 
2.4.5 Control of MWCO through membrane preparation 
For an immersion precipitation membrane, it is well acknowledged that the dense top-
layer is the primary barrier for filtration. Hence, the MWCO of a membrane is also 
determined by the dense layer. Ohya et al. [39] have shown that in fabricating polyimide 
(PI) membranes, increasing the casting temperature resulted in accelerated solvent 
evaporation leading to an increase in polymer concentration at the surface. This led to a 
decrease in flux and MWCO. 
Okazaki et al. [40] have also shown that the MWCO of their PI membranes can be 
controlled in a narrow range of 400 - 650 g mol"^  using additives such as phenanthrene, 
pyrene, triphenyl phosphate and polystyrene. However, studies have shown that 
unbounded additives in a polymer matrix tend to decrease the permeability and 
selectivity of membranes. Further work by Shuey and Wan [41] and Yanagishita et al. 
[42] both showed that changing the solvent composition of the dope solution had a 
strong influence on the rejection of species in PI membranes. More recently, See-Toh et 
al. [43] have described in detail how Lenzing P84 PI membranes can have different 
MWCO by changing the dope solvent composition. However, they also found that as 
the MWCO increased, the rejection curve became broader and hypothesised that the 
pore size distribution became broader as the membrane became more porous. Kim et al. 
[44] have added polyethylene glycols to their polysulfone membranes and reported on 
the change in structure and fluxes. They also reported a change in rejection (in the UF 
range). However, these additives only serve as physical 'pore-formers'. The control of 
the MWCO does not seem predictable and the choice of physical 'pore-formers' were 
not well explained in their relation to the MWCO. 
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2.5 Organic Solvent Nanofiltration 
Nanofiltration is a pressure driven membrane process requiring pressures in the region 
of 5 - 50 bar. At present, nanofiltration can be divided into two areas with respect to 
solvent use, aqueous and organic. Although much research has been done on aqueous 
nanofiltration membranes [45, 46], it is only recently that there has been more research 
on OSN. Since the focus is on polymeric membranes, it would be appropriate to look at 
the presently available polymeric OSN membranes and their shortcomings. 
2.5.1 Commercially available OSN membranes 
At present, OSN membranes made of both polymeric [47, 48] and inorganic [11, 49-52] 
materials are commercially available. Although inorganic membranes are more 
chemically and thermally resistant, polymeric OSN membranes have been more popular 
and studied as the former tend to be brittle, expensive and less versatile in comparison. 
Table 2.3 below is a brief summary of some of the commercially available flat-sheet 
polymeric OSN membranes. 
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Table 2.3 Commercially available OSN membranes. 
Manufacturer Membrane MWCO 
(g mol"^ ) 
Material Membrane 
Type 
Active Layer 
Property 
W.R. Grace Starmem - 220 Polyimide Integral Hydrophobic 
and Co. 122 asymmetric 
Starmem - 280 Polyimide Integral Hydrophobic 
228 asymmetric 
Starmem - 400 Polyimide Integral Hydrophobic 
240 asymmetric 
Koch MPF-44 250 PDMS Composite Hydrophilic 
Membranes MPF-50* 700 PDMS Composite Hydrophobic 
MPF-60* 400 PDMS Composite Hydrophobic 
Solsep 010206 1000 b b Hydrophobic 
010306 500 _b _b Hydrophobic 
030505 500 _b _b Hydrophobic 
Inopor SiOz 
(l.Onm) 
600 SWO2 b Hydrophilic 
TiOz 750 TiOz _b Hydrophilic 
(l.Onm) 
TiOz 450 TiOi _b Hydrophilic 
(0.9nm) 
HITK TiOz 220 Ti02 _b Hydrophilic 
Discontinued, Unknown 
Koch Membrane Systems' MPF-50 membranes are supplied as 21.6 x 27.9 cm sheets 
soaked in their preserving solutions of 50 vol.% water and ethanol. The MPF-50 is a 
composite consisting of three layers with a non-woven backing. The membrane is 
produced by a phase inversion process and cross-linked through reaction and heat-
treatment. More specifically, the top-layer is made of polydimethylsiloxane (PDMS) 
with a PAN support [53]. Machado et al. [54, 55] have reported minimal swelling of the 
MPF-50 and MPF-60 (< 2 % in some solvents). More rigorous tests by van der Bruggen 
et al. [56] found the MPF-44 membranes to be only semi-solvent stable with the 
membranes showing visible damage after only ten days of exposure to solvents like 
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hexane. Furthermore, when water was mixed in with the solvents, the fluxes became 
very low. Tests on a similar membrane by Vankelecom et al. [57] showed that the MPF 
membranes swelled up to 70 % in t-butanol. 
The Starmem range of integral asymmetric OSN membranes are made with PI active 
surfaces. An active skin layer less than 0.2 mm thick with pore sizes < 50 angstrom 
covers the PI membrane body [58]. The 122 is made of Lenzing P84 PI while the 228 
and 240 are made of Matrimid 5218 PI. 
The membranes are prepared by a phase inversion technique. The polymers are first 
dissolved in a suitable solvent and cast on a non-woven support. After phase inversion, 
the membranes are conditioned by contacting the membranes with a conditioning agent 
(lubricating oil) dissolved in a solvent to impregnate the membranes [58, 59]. The PI 
membranes are not resistant to harsh organic solvents such as A^TV-dimethylfbrmamide 
(DMF) or iV-methyl-2-pyrrolidone (NMP) and fail even in dichloromethane [60]. 
Inopor and HITK sell several ceramic OSN membranes which have demonstrated good 
performances in aqueous waste streams [49, 61]. These membranes, though certainly 
solvent resistant, have not been researched in detail for use in organic solvents and 
exhibit lower solvent fluxes compared to commercial polymeric membranes. The 
hydrophilic nature of ceramic materials may be the reason for this. 
2.5.2 Membrane performance parameters 
At the simplest level, the performance of a nanofiltration membrane can be defined by 
two factors, the solvent flux and the selectivity or rejection. The flux (J) is defined as 
the mass or volume flow rate of permeate through the membrane per unit area of the 
membrane per unit time. 
J = ^ (2-2) 
The selectivity or rejection of each species i?,-, is given by the concentration of the 
permeate over the retentate: 
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^ c ^ 
J permeate,! 
c \ retemate,i J 
xlOO (2-3) 
The mass balance for a closed system also allows for the solute to be accounted for and 
is calculated for each filtration. The mass balance of species i (MBi) is given by: 
/ y \ _ ^permeate ^ ^permeate,i ^retentate ^ ^retentate,i ^ J QQ ^ 2 4 ) 
i\ ^)- V C 
where Fis the volume and C is the concentration. 
2.5.3 Effect of experimental conditions on membrane performance 
The performance parameters outlined above are highly dependent on the experimental 
conditions. The major factors that affect the performance of OSN membranes include 
testing conditions, pressure (which is the predominant driving force), temperature, 
concentration and membrane conditioning. 
i) Testing conditions 
Most of the testing done at the laboratory-scale is performed on flat-sheet membranes. 
In the testing of flat-sheet membranes, pressure is typically applied either using 
pressurised gases or by using a pump. In both cases, the feed stream can be passed 
through the membrane perpendicularly (dead end operation) or fed tangentially (cross-
flow operation). Dead end operations are normally used for batch applications and can 
be performed quickly using a simple experimental setup. Therefore, much work 
reported in the literature dealing with preliminary tests or short-term testing is 
performed using dead end operations. In these studies, pressure is applied using gas 
pressure. Cross-flow operations require a more complex equipment setup but 
experiments using cross-flow operations minimise fouling on the membrane surface 
(relative to dead end operations) due to the flow across the membrane surface and 
reduce effects of concentration polarisation. Generally, experiments that require long-
term testing will be performed using cross-flow operations. 
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ii) Applied pressure 
Some researchers have performed experiments on the Starmem 122 and 240 and the 
MPF-50 [60]. Using a dead end cell, the results show that flux increases with increasing 
pressure in a linear fashion within the pressure range of 0.5 - 30.0 bar. These 
observations are consistent with other pressure-driven membrane processes and can be 
attributed to an increase in pressure driving forces for convective flow, or an increase in 
chemical potential gradient in diffusive transport. Also, the same researchers found that 
there was a corresponding increase in rejection of the solute with increasing pressure 
[62-64]. This has been attributed to sealing of membrane pores at elevated pressures 
possibly due to compaction of the membranes. Compaction here is defined as the 
mechanical deformation of the polymer matrix leading to a reduction in the effective 
pore size. 
iii) Operating temperature 
Permeate flux tends to increase with increasing temperature but the increment is highly 
dependent on the particular solvent. The rise in temperature will lead to reduction in the 
viscosity of the solvent and might also increase the solvent diffusion coefficient (more 
on this in Section 2.6). The polymer chain mobility in the membrane itself might also 
increase hence leading to a more open structure [54]. Aminabhavi and Khinnavar 
carried out studies on the transport of various alcohols through rubbery polymers such 
as polyurethane and nitrile-butadiene rubber. They observed an increase in solvent 
sorption with increasing temperature generally following a Fickian transport model 
[65]. 
iv) Feed solute concentration 
The flux typically declines with increasing solute concentration and this is easily 
explained by an increase in osmotic pressure and an increase in the effects of 
concentration polarisation (which will be reviewed in Section 2.5.4 below). 
iv) Membrane conditioning: issues with compaction 
Due to widely varying reports of flux and rejections in the literature, Gibbons et al. [66] 
performed experiments on pre-filtration conditioning. By running their own experiments 
and comparing with Whu [67] and Machado [54], they realised that pre-filtration 
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conditioning of the membranes was important in nanofiltration experiments. The study 
concluded that compaction under pressure eventually reached a maximum after which 
the flux remained constant. Hence, they concluded that membranes should be flushed 
with pure solvent until after compaction has stabilised before conducting filtration 
experiments. 
2.5.4 Membrane limitations 
There are two identifiable phenomena that occur in most if not all membrane processes 
that will affect the filtration process. 
i) Concentration polarisation 
The effect of concentration polarisation is a major limiting factor in many membrane 
separation processes. With concentration polarisation, the flux may decline over time. 
Bhattacharya and Hwang [68] have come up with an equation using the modified Peclet 
number to account for concentration polarisation in various filtration systems. More 
specifically, Peeva et al. [64] have suggested a model for organic nanofiltration systems 
which takes into account the governing thermodynamics and non-ideality of typical 
organic solvent systems. 
In filtration systems, there is an eventual depletion of the permeating species and an 
accumulation of the retained species in the layer adjacent of the membrane on the 
permeate side. This causes a concentration gradient to build up which diminishes the 
driving force for the more permeable component while increasing that of the less 
permeable component. In the worst case scenario, concentration polarisation might also 
result in the formation of a retentate cake on the surface of the membrane. Figure 2.4 
below shows the different concentration polarisation profiles for a preferentially 
permeating component and a retained one. 
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Figure 2.4 Concentration profile of a) preferentially retained component and b) 
permeating component where C is concentration, J is flux and 6 is the thickness of the 
boundary layer. 
The negative effect of concentration polarisation might be reduced by the reduction of 
the thickness of the boundary layer. This can be done using feed spacers or introducing 
turbulence to the feed side of the membrane. In dead end cells, typically, a magnetic 
stirrer is used to reduce the effects of concentration polarisation. 
ii) Membrane fouling 
In industrial practice, impurities on the feed side will cause fouling of the membrane 
over time. Unlike concentration polarisation, fouling does not reach a steady state and 
builds up with each subsequent filtration. Fouling occurs, for example, through the 
deposition of particles and macromolecules on the surface of the membrane. Fouling 
can be reversible and irreversible. Irreversible fouling occurs when the membrane 
structure itself is compromised. Otherwise, fouling can be removed through cleaning. 
Anti-fouling agents and pre-treatment technologies might be integrated into the system 
to prevent/reduce fouling [69]. Fouling is one of the most important issues facing 
membrane applications but will not be explored more as it is beyond the scope of this 
study. 
2.6 Transport Mechanisms 
The transport mechanisms of permeation through a membrane will be briefly discussed 
here. Two main theoretical frameworks to describe the permeation process have 
emerged: the solution-diffusion model and the pore-flow model [70]. A graphical 
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representation of the differences between the two models with regards to the pressure 
and concentration gradients are shown in Figure 2.5. 
High-pressure w e m b m n e Low-pressure 
solution solution 
Chemical Potential |j 
Pressure p 
Solvent activity y -c 
Chemical Potential |J 
Pressure p 
Solvent activity y.c 
Solution-diffusion Model 
Pore-flow Model 
Figure 2.5 A comparison of solution-diffusion and pore-flow models. 
2.6.1 Solution-diffusion model 
This model was first proposed by Lonsdale [71] in which the permeants dissolve in the 
membrane material and diffuse through the membrane down the concentration gradient. 
A separation is achieved between different permeants because of differences in the 
amount of material that dissolves in the membrane and the rate at which the material 
diffuses through the membrane. In the solution-diffusion model, the pressure within the 
membrane is assumed constant at the high-pressure value (Po) and that the chemical 
potential gradient is expressed only as a concentration gradient. Restricting the driving 
forces generated to just pressure and concentration (and thus ignoring the temperature 
and electromotive driving forces), the flux as derived from the chemical potential 
gradient is: 
Ji = Li .djji 
dx 
(2-5) 
where Li is the proportionality coefficient. The chemical potential is: 
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-RTd \n(y.c,.) + f d p (2-6) 
Since pressure in the membrane is constant in the solution-diffusion model, flux is thus: 
(2-7) 
c, dx 
This is similar to Pick's law with the diffusion coefficient D,: 
J^ = -Z),. —^ (2-8) 
dx 
Integrating over the thickness of the membrane gives; 
y (2-9) 
2.6.2 Pore-flow model 
The pore-flow model was developed by Sourirajan and Matsuura [72] in which 
permeants are separated by convective flow through tiny pores in the membrane with 
pressure as the driving force. A separation is possible between components as some 
species are excluded from some of the pores through which the other permeants can 
move through. The pore-flow model assumes that the concentrations of solvent and 
solute within the membrane are uniform thus the chemical potential gradient across the 
membrane is expressed only as a pressure gradient. Following from Equations 2-5 and 
2-6, and in the absence of a concentration gradient: 
^ = i , — (2-10) 
dx 
Integrating this, Darcy's Law is obtained: 
(2-11) 
Where k is the Darcy's Law coefficient, equal to Li and I is the thickness. 
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2.6.3 Applications of transport models to OSN 
There are currently a few competing models used to describe transport phenomena 
across OSN membranes. The two main approaches introduced above have been used by 
researchers. Robinson et al. [73] have found the pore-flow model to apply to their 
PDMS nanofiltration membranes, as have Whu et al. [62]. More recently, Silva et al. 
[74] have found the solution-diffusion model to be more accurate than the pore-flow 
model when applied to Starmem 122 membranes. Stafie et al. [75] have also used the 
solution-diffusion model when describing their PDMS membranes for sunflower 
oil/hexane permeations. Peeva et al. [64] used a combined solution-diffusion and film 
theory model to account for concentration polarisation effects present. Bhanushali et al. 
[76] have found that the coupling of solvent and solute fluxes is important and since the 
solution-diffusion theory cannot account for that, modifications have to be made to the 
theory. 
As an alternative to the above two models, Machado et al. [55] have developed a 
resistances-in-series model and proposed that solvent transport through their MPF-50 
membrane consists of three layers of resistances. 
2.7 Polyaniline (PAni): Properties and Applications 
Up to this section, the literature review has covered general topics on membranes and 
slowly narrowed to OSN membranes and performance. This section will cover 
specifically the polymer of choice, PAni, its properties and developments in PAni 
processing. 
2.7.1 PAni as a conductive polymer 
PAni was first 'popularized' by the father of conductive polymers A.G. MacDiarmid. In 
their 1986 paper [77], Chiang and MacDiarmid showed how PAni was conductive by 
doping the emeraldine base form of PAni with hydrochloric acid (HCl). The novelty of 
PAni was that unlike other conductive polymers, the conductivity of PAni depended not 
just on the oxidation state but on the extent of protonation of the polymer as well. 
Furthermore, the formation of the nitrogen base salt rather than a potentially highly 
reactive carbonium ion is responsible for PAni's high stability in the environment. PAni 
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exists in several oxidation states [77], leuco-emeraldine, emeraldine and pemigraniline 
(Figure 2.6). 
HgN' 
H^N' 
Leucoemeraldine Base (Fully Reduced) 
Emeraldine Base (Partially Oxidised) 
H^ N' N N 
Pernigranillne Base (Fully Oxidised) 
Figure 2.6 The three most common oxidation states of PAni. 
Of these states, the emeraldine state is the most easily synthesised and useful for acid 
doping. Polymer synthesis will be covered in greater detail in Chapter 3. Unless 
otherwise stated, from here onwards, PAni will refer to the emeraldine base form of the 
polymer. 
Since then, much research has been done on PAni and high electrical conductivities 
have been achieved using different processing techniques and doping with different 
acids. Holland et al. [78] have doped PAni with camphorsulfonic acids obtaining 
conductivities high as 100 S cm"'. Lee et al. [79] have recently reported truly metallic 
conductivities in excess of 1000 S cm"' by using self-stabilised dispersion 
polymerisation of PAni. 
Although the conductivity properties of PAni are beyond the scope of this study, it is 
helpful that there is a plethora of research on PAni, not just on conductivity, but on its 
properties, manufacturing and processing. 
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2.7.2 Polymer doping and cross-linking 
The reaction scheme for the acid doping of PAni emeraldine base is shown below in 
Figure 2.7. 
Emeraldine Base 
HM 
HoN 
Emeraldine Salt 
HoN 
Figure 2.7 Doping and dedoping process of PAni; HX represents the acid where X is 
the acid counterion. 
It has been generally observed that high molecular weight PAni emeraldine salt is 
unable to dissolve in common organic solvents [80]. Cao et al. [81] have reported that 
PAni doped with dodecyl benzenesulfonic acid (DBSA) or camphor sulfonic acid 
became soluble in solvents such as chloroform or xylene. Elsewhere, PAni doped with 
p-phenolsulfonic acid has been shown to be soluble in dimethyl sulfoxide (DMSO) [82]. 
As Heeger [80] mentioned, the choice of a proper acid surfactant counterion enables 
high molecular weight PAni to be processible in organic solvents. However, what is 
clear is that the emeraldine salt form is insoluble in most organic solvents. A prudent 
choice of acid might allow solubility in certain solvents but no one solvent is able to 
dissolve all of the possible doped forms of emeraldine salt. 
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CrossHnking is another important topic in PAni modification. Aging studies have been 
done on PAni to understand the stability of PAni films and membranes. Hobaica [83] 
has shown that PAni powders show no change in structure after 5 years in air. It has 
been well documented that PAni cross-links under thermal conditions. As early as 1991, 
Scherr et al. [84] have proposed a mechanism for this thermal crosslinking. The imine 
nitrogen, through radical generation, attacks the quinoid ring (of a neighbouring PAni 
chain). The proposed mechanism can be seen in Figure 2.8 below. 
> • - € N- / \=„_ 
Figure 2.8 Mechanism for thermal crosslinking in PAni. 
Chen and Lee [85] have shown using IR that the ratio of benzoid to quinoid rings 
increased as PAni was exposed to temperatures above 150°C. Rodrigues et al. [86] have 
since confirmed this by using mechanical dynamic characterisation to show a modulus 
transition at 200°C. Previously, Milton and Monkman [87] have found that PAni 
hardens permanently at 180°C while Tan et al. [88] have reported that thermally 
processed PAni at 200°C becomes essentially insoluble. Although, the PAni films gain 
physical and chemical stability, the rigidity imposed by the crosslinking unsurprisingly 
causes shrinkage as well as increased brittleness. Thermal crosslinking will be a crucial 
processing technique, described in greater detail in Chapter 4. 
Crosslinking using a thermal mechanism is difficult to control and regulate at these high 
temperatures. Crosslinking via chemical means using reactive crosslinkers provides an 
alternative method to stabilise PAni membranes. One such possible chemical 
crosslinker is glutaraldehyde (GA). GA has often been used in studies as a fixative for 
protein immobilisation in solid matrices [89] and was adapted for use in PAni as a 
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glucose biosensor. Although studies of the reaction between GA and PAni did not focus 
on stabilisation of the PAni structure, the bi-functionality and reactivity of GA makes it 
a possible chemical crosslinker. However, GA has been found to reduce PAni under 
reflux and could possibly self-polymerise in the PAni membrane matrix [90, 91]. 
Crosslinking of PAni using chemical crosslinkers will be covered in greater detail in 
Chapter 5. 
2.8 Use of Polyaniline Membranes in Membrane Based Separations 
As mentioned in at the beginning of section 2.7, PAni has been well studied as a 
material with conductive properties. This section will attempt to review known and 
recent developments in the use of PAni membranes for separation-based applications. 
There is also much information on this subject presented in a recent review by 
Pellegrino [92]. 
2.8.1 PAni membranes for gas separations 
As mentioned in the introduction, PAni was demonstrated by Anderson et al. [6] to 
possess remarkable gas permeation selectivities. They reported a selectivity of 3590 for 
H2/N2, 30 for O2/N2 and 336 for CO2/CH4. These high selectivities were obtained by a 
sequence of doping, dedoping and redoping of their dense-film membranes with HCl. 
This implied that the doping procedure could possibly confer certain porosity into the 
PAni membranes. This induced porosity was deduced to be dependent on the size of the 
acid counterion. To test this, they doped their membranes with a series of halogenic 
acids to examine the effect of counterion size. After subsequent dedoping, gas 
permeation tests showed that gas permeability rates decreased in the order of F" > I" > 
Br" > CI". Although this seems counter-intuitive, the membranes were doped with 
aqueous acid solutions and thus the size of the counterion solvation sphere is crucial. 
Since F" has the largest solvated counterion and CI" the smallest, the trend of counterion 
size was found to be consistent with the permeability data. 
These remarkable results have thus generated many more similar investigations into 
PAni membranes for gas separations and was later repeated by Kuwabata and Charles 
[93], who were unable to replicate the high selectivities obtained. However, they found 
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PAni membranes to be promising gas permeation membranes. Rebattet et al. [94] 
reconfirmed that doping PAni causes significant changes to the gas transport properties. 
Illing et al. [95] created ultra-thin unsupported PAni membranes on glass substrates and 
also could not reconcile the gas permeation results obtained by other groups. These 
studies were performed using dense-film PAni membranes. In order to increase the 
permeability of the PAni membranes, a commonly used approach is to deposit a thin 
PAni dense film onto a highly permeable support membrane. Illing et al. [96] came up 
with a novel process to cast ultrathin PAni films (0.8 - 1.5 i^m) on PVDF support 
material. This allowed them to cast PAni without defects and they obtained similar gas 
permeation results. Using a similar method, Gupta et al. [97] have managed to enhance 
the permeabilities of their PAni membranes which have greater ideal separation factors 
than those obtained by Anderson et al. for as-cast PAni films. 
Presently, it is clear subsequent investigators have yet to achieve the high gas 
selectivities reported by Anderson et al. Much research has been done especially in 
getting high separation factors for O2 and N2 due to their similarity in size. 
Unfortunately, no other findings have been able to corroborate the high gas selectivities 
obtained by doping and redoping PAni membranes with acids. This is possibly due to 
the various different methods and PAni materials used in the studies performed in the 
various laboratories. 
All the above membranes used for gas separations were fabricated using dense-film 
methods. Although, ultra-thin films have been cast, no one has yet been able to use 
PAni asymmetric membranes for gas separation. Casting asymmetric membranes 
requires high concentrations of polymer in solution for successful fabrication. 
Unfortunately, the gelation of high concentrations of PAni solutions has restricted the 
fabrication of asymmetric membranes. The use of gel-inhibitors (as described in 
Chapter 3) to circumvent this problem has been recent but yet, no asymmetric PAni 
membranes have been shown to possess gas separation properties. It is possible that the 
asymmetric form may be too porous for gas separation applications. Another reason 
might be that when gel-inhibitors (mainly secondary amines) are used, the morphology 
derived from the resulting PAni solution could be porous. Asymmetric PAni 
membranes for gas separations will be covered in greater detail in Appendix B. 
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2.8.2 PAni membranes for liquid separations 
Since liquid molecules are not a lot larger in size compared to gas molecules, it is 
unsurprising that PAni membranes have also been studied for use in liquid separations. 
In this respect, the predominant process that has been studied is pervaporation. 
Kaner et al. [98, 99] have studied the use of PAni membranes for separating acetic 
acid/water solutions and found that fully doping the PAni membrane with HCl greatly 
increases the separation factor. While the undoped membrane only gave a separation 
factor of 2.4, the doped form selectively permeates water over acetic acid with a 
separation factor of 1370. The PAni membranes fully doped with HCl have remarkable 
selectivities for water. For example, undoped PAni only managed to increase their feed 
water composition from 27.7 % to 46 % but the doped PAni increased the composition 
from 27.7 % to 94.5 %. The high water permeability has been attributed to the small 
size of the water molecule as well as the increased hydrophilicity of PAni after doping. 
In addition to acetic acid, they have also studied other carboxylic acid solutions such as 
formic acid and propionic acid. Interestingly, they have been able to increase the water 
permeability rates by increasing the operating temperature with little loss in selectivity. 
Ball et al. [100] have found that the undoped PAni membrane can be used for 
pervaporation in separating ethanol/water solutions giving separation factors to >1000. 
In the same study, they have found that membranes doped with HCl tend to decrease in 
performance over time as the HCl slowly leaches out as the pervaporation proceeds. 
One solution suggested was to use poly(acrylic acid) as a co-dopant. Since poly(acrylic 
acid) is unlikely to leach out in water, the performance of these membranes would not 
deteriorate. This had previously been demonstrated by other groups [101, 102] to 
prevent acid leaching. 
The PAni membranes used in pervaporation studies have typically been dense film 
membranes. Recently, advances in PAni polymer processing have enabled researchers 
to use integrally skinned asymmetric membranes for use in pervaporation [103]. These 
membranes were stabilised using thermal crosslinking similar to those described in 
section 2.7.2. This form of thermally crosslinked PAni membrane was stable even in 
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harsh polar aprotic solvents such as DMF and was shown to separate water from a 
tetrahydrofuran (THF)/water solution very well. 
Fully dense membranes such as PAni are well adapted to separation processes which 
require very small pore-sizes such as pervaporation, gas separation and reverse osmosis. 
Although Anderson et al. have shown that the process of doping PAni has the potential 
to alter membrane morphology in terms of free-volume creation, nobody to date has 
been able to extend the use of PAni membranes to liquid nanofiltration. 
2.9 Summary of Literature Review 
It is clear from the review that OSN membranes are an emerging technology. It is also 
clear that based on the information on current commercial OSN membranes, there is 
potential for much improvement. A major issue with current membranes is that they are 
not solvent resistant in many common organic solvents much less in harsher polar 
aprotic solvents. 
PAni is a very well studied material and as a membrane, has many attractive properties 
considering the objectives of this study. PAni is easily dopable, processible, easy to 
synthesise and membranes can be cast from it. PAni itself is soluble only in a few 
solvents which makes it a good candidate for OSN membrane fabrication. Furthermore, 
PAni has been shown to crosslink at high temperatures and this brings with it certain 
advantages. With adequate crosslinking, this process could confer solvent resistant 
properties to PAni membranes. Most current OSN membranes for example Starmem, 
have to be stored in a preservative oil to prevent them from drying up. Furthermore, 
these membranes have to be maintained in a wet state after use. Once dried, the 
membranes will curl up or crack and become unusable. This process is unfortunately 
irreversible. If PAni could be shown to work as a membrane after thermal cross-linking, 
this means that it could be stored dry or kept dry after use. The reusability and ease of 
handling would be a big advantage for industrial use of PAni membranes over current 
commercial membranes. 
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3. PAni Synthesis, Membrane Fabrication and 
OSN Characterisation 
3.1 Abstract 
In this chapter, the groundwork for carrying out the strategy outlined in the introduction 
will be detailed. Before membranes can be cast, PAni powder was made in the 
laboratory to allow for control of molecular weight, purity and quality of the polymer. 
The molecular weight of PAni was shown to vary with synthesis temperature and for 
polymer made at -20°C, a Mw of 160 000 g mol"' could be achieved. Next a method of 
membrane fabrication was developed to enable casting of phase inversion membranes 
with asymmetric structures. Using a gel inhibitor, concentrated solutions of PAni could 
be made in NMP for casting membranes. The as-cast membranes were shown to have a 
typical asymmetric morphology of a thin dense top layer supported by a porous spongy 
under layer. Finally, a method of using oligostyrenes for OSN testing was developed 
and tested. Compared to the more commonly used method of testing with only one 
solute, the use of oligostyrenes comprehensively covered the nanofiltration range of 200 
- 1000 g mol"' and was easy to analyse. The method was validated by comparing to 
other methods used in the literature for testing Starmem membranes. With this method, 
the entire nanofiltration curve could be obtained and was found to be very useful in 
identifying leaks present during membrane testing. 
Parts of this chapter have been published; 
P. Chapman, X.X. Loh, A.G. Livingston, K. Li, T.A.C. Oliveira, J. Membr. Sci. 309 
pOOg; 702 
Y.H. See-Toh, X.X. Loh, K. Li, A. Bismarck, A.G. Livingston, J. Membr. Sci. 291 (2007) 
720. 
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3.2 Introduction 
This chapter sets the groundwork for the work carried out using PAni. Here, methods of 
how PAni was synthesised, how phase inversion membranes were fabricated and a 
method for testing these membranes for solvent nanofiltration were developed. 
Although PAni is available commercially, this was limited to only a few sources and 
was found to be very costly. Furthermore, PAni powder has been found to be 
intrinsically unstable in terms of solubility and has been found to crosslink when stored 
for long periods of time [104]. This crosslinking leads to difficulties in solution making 
and membrane fabrication. When small amounts of crosslinked PAni fail to dissolve, 
these sections lead to the formation of membrane defects during membrane casting. 
Therefore, to ensure a ready supply of polymer and a high quality polymeric material, 
PAni was synthesised in the laboratory. 
Aniline is thought to polymerise by the condensation of radical cation species which 
lose protons to give the protonated, semi-oxidized emeraldine form of PAni as the 
reaction product [105]. The radical is produced as a result of oxidative attack on the 
aniline monomers. Typically, HCl and an oxidising agent such as ammonium persulfate, 
(NH4)2S20g, have been used as reagents for polymer synthesis. Adams et al. [106] have 
shown that PAni synthesised at room temperature is of fairly low molecular weight. 
Furthermore, at low molecular weights, the polymer contains defect sites [107] resulting 
in poor mechanical and electrical properties. 
Cationic chain polymerisations are usually carried out at low temperatures to favour 
chain propagation. Condensation polymerisation performed over long reaction periods 
leads to an increase in molecular weight of the polymer. Applying these two points to 
PAni synthesis, Adams et al. [108] have tried to optimise reaction conditions to 
synthesise high molecular weight PAni. By using LiCl as an anti-fireeze and operating at 
very low temperatures, they managed to synthesise PAni with a weight-average 
molecular weight (Mw) of 209 000 g mol"' at -25 °C [109]. They have shown that 
control over the molecular weight of PAni produced could be achieved by changing 
temperature and time of synthesis. In terms of membrane making, this would be very 
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important as the molecular weight of polymer would directly affect the viscosity of the 
casting solution. 
There are of course other ways to synthesise PAni. Zhang et al. [110] have used 
palladium-catalysed amination in one method to obtain high molecular weight PAni. 
Currently, a popular method is to prepare PAni as dispersed colloidal particles using 
either micelles [111] or emulsions [112] as the polymerisation medium. 
In the literature, these methods were carried out at the laboratory scale and small 
amounts of polymer were produced. Since membrane fabrication and testing required 
larger amounts of polymer, here, the methods describe by Adams et al. were adapted 
and scaled-up to provide adequate amounts of PAni. Gel permeation chromatography in 
NMP was carried out using polystyrene standards as reference to characterise the 
molecular weight of PAni produced. The polymer made would then be used to make 
phase inversion membranes. 
In the introduction, as far as I know, all of the experiments performed on gas 
separations using doping and dedoping of acids comprised of dense film PAni 
membranes. These membranes were generally fabricated by dissolving PAni in NMP 
and casting the solution onto a glass substrate. Solvent evaporation was then allowed to 
take place. For acid doping purposes, the PAni was typically doped after casting by 
immersion into the acid solution. These casting solutions used very low PAni 
concentrations, generally fi-om 3 - 5 wt.%. The problem is that PAni tends to crosslink 
rapidly (<30 h) at concentrations above 6 wt.% [113, 114]. Mattes et al. [115] have 
shown that they were able to cast phase inversion hollow fibres using 20 wt.% PAni. 
This was done using pyrrolidone as a gel inhibitor. Gel inhibitors enable PAni to be 
mixed homogeneously for relatively longer periods of time. However, the fibres made 
from these casting solutions had very low mechanical strength. Since then, Yang et al. 
[116] have conducted experiments using similar secondary amines as PAni gel 
inhibitors. The proposed mechanism for gel inhibition is the chain intercalation due to 
hydrogen bonds forming between the imine nitrogen of the PAni and the hydrogen of 
the amine. They have also found that secondary amines do inhibit gelation, and some 
could function for more than 300 h, unfortunately, all gel inhibitors cause degradation 
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of the PAni chains. This occurs due to the chemical reduction of the PAni by the 
amines. However, with a careful choice of secondary amines (less nucleophilic), the rate 
of chemical reduction can be slowed. Using this method of stabilisation, Norris et al. 
[117] have recently been able to fabricate asymmetric hollow fibres (by phase 
inversion) out of PAni. Using 4-methyI piperidine (4MP) as a gel inhibitor, they have 
been able to prepare 1 5 - 2 0 wt.% PAni solutions. 4MP is a secondary amine within a 
6-membered ring structure (Figure 3.1). This chapter will describe the method 
employed in this study, adapting the use of 4MP as a gel inhibitor to cast flat-sheet PAni 
membranes using phase inversion. 
CH< 
N 
H 
Figure 3.1 Chemical structure of 4MP. 
After fabrication, these membranes were tested for OSN characteristics, in particular, 
solvent flux and nano-solute separation abilities. Of course, nanofiltration membranes 
could also be characterised by morphological parameters. However, morphological 
parameters include both physical (e.g. pore size, pore size distribution, skin layer 
thickness) and chemical parameters (e.g. charge, hydrophilicity), whilst permeation 
related parameters describe functional properties such as flux and rejection. Permeation 
parameters are often more practical for membrane selection due to the effect of different 
process conditions on the performance of membrane systems [118], and the difficulty in 
relating morphological parameters to membrane performance. 
In the emerging field of OSN, membrane selection is often based upon the MWCO as 
specified by the manufacturer [119]. The MWCO is defined by plotting the rejection of 
solutes versus their molecular weight, and interpolating this data to find the molecular 
weight corresponding to the 90% rejection. However, as techniques for obtaining 
MWCO values are often not disclosed, this leads to non-uniformity within the industry. 
Differing methods might lead to inconsistencies, and the selection of a suitable 
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membrane often necessitates the screening of many membranes. In OSN, where the 
solvent environments have a significant impact of the rejection on different species [56, 
74], a method allowing the comparison of the MWCO in different solvents would be 
highly advantageous. Whilst standardised methods have been developed for aqueous NF 
systems using salts and sugars (e.g. raffinose, maltose) [120], a standardised method has 
yet to be proposed for use in organic solvent systems. A consistent and reliable method 
of measuring membrane separation performance allows manufacturers to both improve 
their membranes and provide information for end users to make a selection [121]. 
Many methods have been chosen in the literature by different authors to try and 
characterise the MWCO of OSN membranes. Table 3.1 summarises different 
membranes and methods that have been used. 
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Table 3.1 Summaty of methods used for the determination of the MWCO of membranes. 
Solvent/Solute system Membranes Tested Method of detection Ref. 
Alkanes 
Toluene/n-Decane, 1-Methyl naphthalene, 
«-Hexadecane, 1-Phenylundecane, Pristane, 
M-Docosane 
Asymmetric Polyimide 
membranes 
Gas chromatography (Hewlett Packard), MXT-5 
column (Restek Corporation). 
[59, 
122] 
Dyes 
Ethanol/Sudan IV, Fast green FCF, Hexaphenyl 
Benzene in Hexane, Methanol 
Membrane D, YK UV-Vis [76] 
Water, Methanol, Ethyl acetate, Toluene/Orange 
II, Safranine 0, Solvent Blue 35 
MPF-44, MPF-50, MPF 60, Desal 
5, Desal DK 
UV-Vis [123] 
Molecules of increasing MW 
Xylene/Series of polynuclear aromatic and 
organometallic compounds MW 154 - 612 g mol'^  
Polydimethylsiloxane (PDMS) on 
polyacrylonitrile (PAN) support 
UV-Vis [124] 
Methanol, Ethanol/Series compounds with 
different polarities MW 228 - 880 g mof' 
Desal-5-DK 
MPF-50 
UV-Vis [125] 
Quaternary ammonium salts of increasing 
molecular weight. 
Starmem 122 Gas chromatography [66] 
Polymers 
Butanone, Ethyl Acetate, Hexane, 
Toluene/Polystyrene, Polyisobutylene 
Zirconia, PDMS Gel-permeation chromatography [75, 
126] 
Methanol, Ethanol/ Polyethylene Glycol (PEG) Silica Zirconia Liquid chromatography, refractive index detector [11] 
Ethanol/PEG of increasing molecular weights (200 
- 1000 gmol"'), sugars (glucose, maltose, 
maltotriose, maltotetraose), lipids (oleic acid, 
monoolein, diolein, triolein) 
NF-45, SW-30, MPF-44, MPF-60, 
TFC-S, TFC-SRl, TFC-SR2, DK, 
G-5, 7450 
PEGs analysed using TOC. 
Sugars analysed using liquid chromatography 
with a refractive index detector. Lipid 
concentration determined gravimetrically. 
[127] 
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The alkane system reported both branched and linear alkanes of increasing molecular 
weight to determine the MWCO [2], It was demonstrated that branched molecules had 
higher rejections in polyimide OSN membranes than their linear equivalents. This 
suggests that both size and the structure of the solute play an important role in 
permeation and in order to obtain a smooth MWCO curve, a test solution consisting of a 
homologous series of components can be used to minimise the influence of differing 
structures. This method also allows the accurate determination of the MWCO at a low 
range of 100 - 400 g mol'^ However, drawbacks of using alkanes include the lack of 
commercially available pure species of molecular weight >400 g mol" ,^ and the 
difficulty of detecting these compounds. Limited solubility of alkanes in many polar 
organic solvents also makes it difficult to compare the MWCO of membranes across 
different solvents. 
An extension of the alkane system is the use of different compounds with increasing 
molecular weight covering the NF range (200 - 1000 g mol"^). Although the molecular 
weight of the test compound gives an indication of the expected rejection, variability in 
the structure and functionalities of the compounds results in differing solute-membrane 
interactions and a non-linear increase in rejection with molecular weight [124]. In an 
aqueous nanofiltration study on organic molecules. Van der Bruggen et al. [128] came 
to similar conclusions and found that a plot of rejection against a solute length 
dimension (e.g. Stokes' radius, calculated molecular diameter) gives a more accurate 
reflection of the MWCO in most cases. The use of different test compounds also 
precludes the possibility for the determination of the MWCO in a single filtration as the 
detection of multiple compounds in a single test solution is not easily feasible. Thus a 
series of filtrations, each with a single solute, may be necessary for such a method. 
Several researchers [13, 76, 123] have proposed the use of dyes to estimate the MWCO 
of OSN membranes. Analysis of dye concentration using a UV spectrophotometer is a 
quick and effective means to determine if there is selective permeation of dyes of 
different molecular weight. Unfortunately, although dyes have a peak absorption 
wavelength, they absorb over a range of wavelengths (Figure 3.2). This overlap 
prevents the use of a range of different sized dyes in a single test to determine the 
MWCO. Furthermore, many dyes are charged and could have interactions with the 
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membrane, thus ahering the observed rejection. The limited solubility of dyes in a broad 
range of solvents also limits their further application. 
f r \ 1 
Natural Orange 6 (Mw:174) 
4-Phenylazophenol (198) 
Congo Red (697) 
Brilliant Blue R (826) 
Rose Bengal (1018) 
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700 800 
Figure 3.2 UV absorbance of various popular dyes used as solutes for filtration testing. 
The use of homologous polymers with steadily increasing molecular weight has several 
attractive characteristics. With uniformly increasing monomer units, oligomers are ideal 
for the characterisation of membranes. However, the analysis of these oligomers has 
thus far been achieved using GPC, and quantification in the NF range has proved to be 
difficult. Processing the detector output requires the de-convolution of the overlapping 
polymer peaks [121]. 
The methods reviewed above each possess several properties that might be useful for 
the determination of the MWCO, however, none were ideal at providing an accurate 
picture of the separation characteristics of NF membranes. Whilst 'standard' methods 
are available in the characterisation of the MWCO for UF and MF membranes, to our 
knowledge, there is no such method currently applicable to OSN membranes. An ideal 
method should possess the following attributes: 
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• Solutes should be soluble in a range of polar and non-polar organic solvents; 
• MWCO curve determination should be by a reproducible method in a single 
filtration; 
• Rejection of individual solutes in small increments in molecular weight from 200 to 
1000 g mol"^  should be possible; 
• Inert molecules that are unlikely to have chemical interactions with the membrane 
polymer should be employed. 
A simple and reliable method with the attributes above was developed to characterise 
the MWCO of PAni membranes. Validation of this method was first done by testing and 
comparison with commercial OSN membranes. This method utilised styrene oligomers 
to determine the MWCO in several organic solvents. 
3.3 Experimental 
3.3.1 Chemicals 
For PAni synthesis, aniline, HCl, ammonium persulfate, and reagent-grade acetone were 
purchased from Sigma Aldrich, UK. Ammonium hydroxide was obtained from Fisher 
Scientific. 
HPLC grade NMP, obtained from Rathbum Chemicals, was used as solvent for both 
GPC and for dissolving the membrane dope solution. To prevent gelation of the dope 
solution, 4MP from Sigma Aldrich, UK was used. 
In developing a method for OSN testing, solutes used include a range of n-alkanes 
(decane, dodecane, tetradecane, hexadecane, docosane and hexacosane) purchased from 
Sigma Aldrich, UK and a homologous series of styrene oligomers. The styrene oligomer 
mixture contained a mixture of PS580, PS1050 (purchased from Polymer Labs, UK) 
and a-methylstyrene dimer (purchased from Sigma Aldrich, UK). The organic solvents 
used include toluene, methanol, hexane, THF and ethyl acetate (AnalaR). 1 g of each 
component was dissolved in 1 L of toluene to make up the n-alkane test solution. 1 g 
each of the oligostyrene standards and the dimer were dissolved in toluene, hexane and 
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ethyl acetate to make up the oligostyrene test solution. For the preparation of the 
methanol test solution, the concentration was halved (0.5 g in 1 L) due to the lower 
solubility of oligostyrenes in methanol. 
3.3.2 PAni synthesis 
PAni synthesis procedure was directly adopted from the method described by Adams et 
al. [108] and scaled up correspondingly. 37.25 g (0.4 mol) of aniline was added to 400 
ml of HCl solution (1.0 M) and 66.8 g of LiCl added to prevent the mixture from 
freezing at low temperature and stirred well. The mixture was then poured into a 1.0 L 
jacketed glass beaker around which a coolant solution consisting of 40 wt.% antifreeze, 
40 wt.% water and 20 wt.% ethanol was cooled and circulated by a Grant R3 circulating 
chiller with a GR150 thermostat. The jacketed beaker was well insulated using neoprene 
rubber to reduce heat loss to the surroundings. The reaction temperature was reached 
and maintained before the oxidant was added. Reaction temperatures that were tested 
were -20°C, -15°C, 0°C and +15°C. 
91.26 g (0.4 moles) of ammonium persulfate was then dissolved in 256.0 ml of HCl 
solution (1.0 M) and 39.68 g of LiCl added to prevent the oxidation solution from 
freezing during addition. This was then added dropwise using a Gilson Minipuls 3 
peristaltic pump at approximately 20 ml h"^  to allow control over the reaction 
temperature and so that the total oxidant addition time was approximately 18 h. For 
reactions that were carried out at higher temperatures (> 5°C), LiCl was not required 
and thus not included in making any of the solutions. A schematic and picture of the 
apparatus setup can be seen in Figure 3.3. 
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Figure 3.3 Schematic and picture of apparatus for polyaniline synthesis at low 
temperatures. 
The reaction was left running for a total of 48 h before the solution was filtered and 
washed with 1.6 L of deionised water and 400 ml of acetone to remove unreacted 
species. By this process, the product was the emeraldine salt form of PAni doped with 
HCl. Therefore, the filter cake was then taken out and placed in 400 ml of ammonium 
hydroxide solution (35 wt.%) and left to stir for 4 h to completely deprotonate the PAni 
emeraldine salt to its base. The powder obtained after synthesis was dark greenish blue 
which turned into a dark purplish blue after deprotonation. The emeraldine salt form of 
PAni doped with HCl was not suitable for use in casting as it was virtually insoluble in 
all organic solvents. Next, the ammonia solution containing the emeraldine base was 
taken and re-filtered using 1.6 L of deionised water to remove the ammonia followed by 
400 ml of acetone to remove any of the low weight polyaniline present and replace the 
water to speed up the drying time. The polymer filter cake formed was then placed into 
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a vacuum chamber and dried completely in vacuum for 18 h. After drying, the polymer 
powder was passed through a sieve with a mesh size of 160 [am. This produced a fine 
PAni powder that was better suited to dissolution when processed and less likely to 
leave large undissolved particles during casting that could lead to defect formation. 
3.3.3 Molecular weight determination using GPC 
To characterise the molecular weight and distribution of the PAni product, an organic 
solvent GPC system was used. The GPC system was from Waters consisting of 600 
Multisolvent Delivery System, 717 autosampler and a 996 Photodiode Array Detector. 
The GPC column used was a Styragel HT4 (4.6 X 300 mm. Waters) and the entire 
system was controlled using Waters Millenium32 software. NMP was used as the 
mobile phase at 0.5 ml min' and the system was held constant at 100°C during 
operation. A polystyrene standard obtained from Polymer Laboratories was used for 
calibration. For each sample, 50 |im was injected. Detection of the polystyrene was 
performed at 264 nm while PAni was analysed at 350 nm. For sample preparation, 2 mg 
of PAni was thoroughly dissolved in 4.0 ml of NMP to make up a 0.05 wt% solution 
and stirred well. 
3.3.4 Membrane fabrication 
As mentioned in the introduction, PAni starts to gel at high concentrations in NMP and 
this was found to be the case here as well. Since casting phase inversion membranes 
require casting solutions of generally 15 -25 wt.%, gel inhibitors were used for making 
up PAni solutions. One such gel inhibitor used by Yang et al. [129-131] for making 
PAni films was 2-methyl aziridine. Norris et al. [117] however worked with both 2-
methyl aziridine and 4MP for making concentrated solutions and have concluded that 
the latter was more suitable in PAni/NMP solutions as it does not cause as rapid a 
reduction of the oxidation state of the emeraldine form of PAni as the former. 
For this study, NMP and 4MP were added and stirred well to make up solvent used to 
dissolve PAni. Next the PAni powder was added slowly to the mixture at a high mixing 
speed to make up a solution containing 20.0 wt.% of PAni. For every mole of the PAni 
monomeric repeat unit, 0.38 moles of 4MP were added. This solution was left to stir for 
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12 h to obtain a homogeneous mixture. Before membrane casting the solution was then 
left to stand for 4 h for degassing to take place. 
An adjustable casting knife was used to cast 250 p,m thick films on glass using a film 
casting machine (Figure 3.4, Braive Instruments, UK). No backing support was used in 
casting these membranes. Immediately after casting, the membrane film was fully 
immersed into a deionised water bath at room temperature for phase inversion. The 
membrane was then left in the deionised water bath for at least 24 h before any testing 
was carried out. 
Casting 
Knife 
Gbss 
Plats'^ 
3 3 : 
D r e c t i o n 
cf C a s t i n g 
i 
Figure 3.4 Flat-sheet membrane casting machine from Braive Instruments, UK. 
3.3.5 Scanning electron microscopy (SEM) 
Scanning electron micrographs of thermally crosslinked membranes were recorded 
using a LEO 1525 field emission scanning electron microscope. Membranes were first 
immersed in ethanol and then snapped in liquid nitrogen to obtain an even cross-section. 
The samples were then mounted onto SEM stubs and sputtered with gold using an 
Emitech K550 sputter coater. SEM conditions were: 6 mm working distance, Inlens 
detector with an excitation voltage of 5 kV. 
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3.3.6 Filtration testing 
So as to estabhsh a method for OSN testing, various methods were used for analysis and 
comparison. Filtration experiments were conducted using membranes in a stainless 
steel, SEP A ST (Osmonics, USA) dead end nanofiltration cell (Figure 3.5). Membrane 
coupons with an effective membrane area of 14 cm^ were cut and placed on a sintered 
metal plate. A Teflon encapsulated 0-ring was used to seal the feed solution from the 
permeate side. N2 at 30 bar was used as the driving force for filtration. A stirrer was 
used in all experiments to minimise the effects of concentration polarization on the 
membrane surface. The membranes were pre-conditioned with pure solvent until steady 
state fluxes were achieved [66]. Thereafter, 100 ml of test solution (n-alkanes or 
oligostyrenes) was charged to the cell. For each filtration, 50 ml was allowed to 
permeate through the membrane. 1 ml each of the feed and retentate samples was taken 
for analysis. A 1 ml sample of the permeate sample was taken at the end of the 
concentration phase. In between filtrations with different test solutions, the cell was 
washed thoroughly with the solvent to be tested and pre-conditioned prior to the 
addition of the test mixture. 
Permeate / / \ 
—1— outlet 
N2 supply 
(100 bai) 
Dead end cell 
Heatms 
bath 
Membrane 
0-rings 
plate 
Magnetic 
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Figure 3.5 Schematic of SEP A ST dead end cell. 
Measuring 
cylinder 
After filtration, the rejection for each solute was calculated using Eqn. 2-3. 
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A plot of the rejection of each solute against the molecular weight allowed the MWCO 
of the membranes to be determined. Mass balance calculations were carried out using 
Eqn. 2-4. In all experiments, the mass balance for each solute was calculated to be > 
95%x 
fO/\ — ^Permeate ^ ^permeate,i ^Retentate ^ ^retentate,i ^ JQQ ^2 4") 
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3.3.7 Membrane selection 
So as to validate the method of using oligostyrenes, testing was performed on 
established commercial OSN membranes. The membranes selected for use in this study 
were Starmem 122 and 240 (Membrane Extraction Technology, UK). The nominal 
MWCO of the two membranes are given by the manufacturer to be 220 and 400 g mol"^  
in toluene respectively. These membranes have been popularly used in OSN studies due 
to their good resistance to certain organic solvents. 
3.3.8 Analysis of filtration testing methods 
The n-alkane test solution was analysed using an Agilent 6850 Series II Gas 
Chromatograph with a flame ionisation detector and a HP-1 column as the stationary 
phase. The temperature programme selected was as previously published by Cherepitsa 
et al. [132] for petroleum fractions. The coefficient of variation was 3% for three 
independent observations. This analytical method allowed all solutes to be measured 
simultaneously to obtain the MWCO curves. 
For the analysis of the styrene oligomers, a Gilson HPLC system with a Gilson 118 
UV/Vis detector was used. Separation of the oligomers was achieved using an ACE 5-
C18-300 column (Advanced Chromatography Technologies, ACT, UK). A mobile 
phase of 35 vol.% analytical grade water and 65 vol.% THF (AnalaR) was used with 0.1 
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vol.% trifluoroacetic acid. The UV detector was set at a wavelength of 264 nm. For the 
solvent systems in which the solute peaks in the chromatogram were obscured by the 
solvent, the solvent was evaporated from the sample and the solute then re-dissolved in 
the mobile phase prior to analysis. Of the solvents used in this study, solvent swaps had 
to be performed for toluene, hexane and ethyl acetate while the solutes in methanol 
could be analysed without going through this step. Figure 3.6 shows a chromatogram of 
the separation and detection of the styrene oligomers in a sample test solution. The 
individual species were identified by a comparison of peak retention times with the 
GPC curves provided by Polymer Labs for the oligostyrene standards PS580 and 
PS 1050. Good separation between each peak enabled the discrete determination of the 
rejection of each species. This avoids the need for the de-convolution of data often 
experienced when trying to determine the MWCO using GPC. 
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Figure 3.6 Chromatogram of styrene oligomer separation using HPLC. 
Figure 3.6 also highlights a disadvantage of using these oligostyrene standards which is 
that the concentrations of the oligomer species are unknown as well as different. This 
implies (where a diffusive transport mechanism is considered) that concentration 
driving force for each species would be different as well during filtration. For example, 
larger molecular weight oligostyrene species would have a lower concentration driving 
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force across the membrane than smaller molecular weight species. Thus, the rejection 
curves obtained would be expected to be steeper than the true curves. Also, since 
concentration values are unknown, or least difficult to obtain, transport modelling 
studies would be hindered for lack of numerical data. 
3.4 Results and Discussion 
3.4.1 Synthesis of PAni 
The yield of PAni product from the reaction was found to be -80% based on the mass 
of aniline added to the reaction. Reaction temperature had a large effect on the 
molecular weight of polymer obtained. The effect of temperature on oxidative 
polymerisation has been well covered in the literature and lower reaction temperatures 
were found to produce PAni with higher molecular weights. Using GPC to analyse the 
PAni, the same trend could be seen even when production had been scaled up. As 
mentioned earlier, molecular weight is important when making casting solutions. With 
larger molecular weights, viscosity of the casting solution will increase. 
When casting solutions become too viscous, handling becomes difficult and degassing 
of the solutions after mixing may take too long or may be incomplete. Gas bubbles in 
the solution will often lead to defect formation in membranes. However, if casting 
solutions become too non-viscous, thickness of the membranes will be impossible to 
control if the solutions run off the casting surface. Although solution viscosity does 
depend on other factors such as concentration and solute/solvent system, choice of 
molecular weight is important and control over molecular weight would allow control of 
the viscosity of the casting solution. Figure 3.7 below shows a typical GPC curve 
obtained for a batch of PAni produced at +15°C. 
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Figure 3.7 GPC curve for typical PAni batch (L60) produced at +15°C, Mw: 59 000 g 
mor \ polydispersity: 4.5. 
The effect of temperature on molecular weight of PAni produced is shown in Figure 3.8. 
Here, molecular weight is represented by the calculated Mw of the polymer. 
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Figure 3.8 Effect of temperature on the Mw of PAni synthesised. 
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Polydispersity for these batches of polymer made was found to be very similar with an 
average of 5.19 and standard deviation of 0.68. From the data, lower temperatures 
allowed synthesis of higher molecular weight polymer with no effect on polydispersity 
of the product. Higher molecular weight polymer was found to be less dense and thus 
took longer to sieve. The drying process took longer as well for higher molecular weight 
polymer. 
3.4.2 Asymmetric membrane fabrication 
Using the polymer made, solutions of PAni were prepared to cast phase inversion 
membranes. The use of the gel inhibitor 4MP was crucial in preventing gelation to 
produce a practical casting solution. Without the addition of 4MP, the solution 
underwent rapid gelation within the first half an hour of mixing. After 1 h of mixing, the 
solution would have become completely gelled up and no longer resembled a solution. 
Gelation of PAni is attributed to the extensive formation of hydrogen bonds between 
large PAni molecules. The addition of the diamine 4MP prevents this by forming a 
hydrogen bond between the imine nitrogen of PAni and the hydrogen of the amine thus 
preventing the polymer chains from interacting. With the addition of 4MP, it was found 
that the PAni solution may be stirred at high mixing speeds and be left in solution form 
for at least 48 h. This gave enough time to for adequate mixing, degassing and casting 
the solution into membranes. 
Figure 3.9 below shows the SEM pictures of the as-cast membranes at high 
magnifications 2 OOOX, 10 OOOX and 60 OOOX. The cross-section shows the key 
structural features of these PAni membranes. The overall thickness was found to be 
approximately 150 |am. From A), macro voids could be seen to exist throughout the 
membrane below the surface. Macrovoids are undesirable as they could decrease the 
mechanical strength of the membranes. Picture B) shows that under the top layer, a 
spongy sub-structure could be seen that seemed highly porous. This porous spongy sub-
structure is important as it acts as support whilst ensuring that mass transport resistance 
through most of the membrane remains small. Picture C) shows the highly magnified 
view of the membrane top layer. Within the first micrometer from the surface, a highly 
dense layer can be seen consisting of small nodules. This dense top layer is desirable as 
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the separation layer. At high magnifications, the top surface was relatively smooth and 
this was testament to the density of the top layer. Some bumps were observed but the 
surface was generally defect-free. 
Filtration testing conducted later and in the next chapters will reveal that the membranes 
do indeed have a denser top layer. With crosslinking to ensure stability in solvents, the 
as-cast membranes gave virtually no permeation flux. This will be further described in 
3.4.4 and Chapters 4 and 5. 
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Figure 3.9 SEM pictures of PAni phase inversion membranes at various magnifications 
A) 2000X, B) 10 OOOX, C) 60 OOOX. 
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3.4.3 Evaluation of OSN testing methods 
With the successful casting of membranes, determination of OSN properties was carried 
out next. So as to characterise the membranes in detail with respect to their 
nanofiltration properties of flux and separation, a suitable OSN testing method had to be 
adopted or developed. Firstly, methods described in the literature used by previous 
studies were investigated and compared to the oligostyrene method. Figure 3.10 shows 
the MWCO curves of Starmem 122 obtained using the n-alkane test solution, 
oligostyrene test solution and a mixture of quaternary ammonium salts (Quats) in 
toluene at 30 bar, 20°C. The graph shows good agreement between all three methods 
giving a MWCO of around 240 g mol"', which corresponds closely to the value given 
by the manufacturer. 
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Figure 3.10 MWCO curves for Starmem 122 using different test methods (data for 
Quats from Gibbins et al. [66]). 
Although the oligostyrene method has a lower limitation of 236 g mol" , the regularity 
of the intervals and its range (236 - 1050 g mol"') make it a more favourable method 
than the n-alkane and Quats systems. With the oligostyrene method, it could be 
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demonstrated that for Starmem 122, >99.9% rejection occurs after 600 g mol"'. The 
molecular weight beyond which 99.9% rejection occurs is also an important membrane 
performance parameter [118] as this indicated the point where effectively total 
exclusion of the species occurred. This is important as significant losses in some 
processes (e.g. diafiltration) can result if total exclusion of species is not achieved. 
Figure 3.11 shows a comparison of the MWCO curve of Starmem 122 and Starmem 
240 using the oligostyrene solution in toluene. The oligostyrene method showed a 
MWCO of 430 g mol"' for Starmem 240 which was in good agreement with the value 
quoted by the manufacturer (400 g mol'^). A significant observation above 600 g mol"^  
for Starmem 240 (1) was a constant value of rejection for the species at 98%. This was a 
probable indication that a fraction of the collected permeate flux was composed of a 
'leak flux' which could include flow around the membrane seal or through defects in the 
membrane. Such leaks might occur at the contacts between the 0-ring and the 
membrane in a filtration experiment. A repeat of the filtration, Starmem 240 (2) on a 
separate coupon yielded a MWCO of 410 g mol"^  with no observable leaks present. A 
small leak in such a filtration system would have little effect on the observed flux but 
would lower the rejection curve. 
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Figure 3.11 Comparison of MWCO for Starmem 122 and 240 in toluene at 30 bar, 
20°C. 
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The oHgostyrene method was also used to determine the MWCO of Starmem 122 in 
different organic solvent systems. Some researchers have reported dissimilar filtration 
performances [133, 134] for OSN membranes in different solvent systems. Here a direct 
comparison of the MWCO was made using the same solutes in a range of polar and 
non-polar organic solvents in OSN. Figure 3.12 shows the pure solvent flux and 
MWCO curves of Starmem 122 using four different solvent systems at 30 bar with a 
repeat of each filtration using a different membrane coupon. The solvent flux reflects 
the average over the two runs whilst the MWCO for each filtration is shown. It was 
observed that ethyl acetate gave the highest flux followed by methanol, toluene and 
hexane. Silva et al. [74] reported a similar trend when testing with Starmem 122. 
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Figure 3.12 Molecular weight cut off curves for Starmem 122 using different solvent 
systems at 30 bar, 20°C. 
Interestingly, the MWCO of the membrane was also observed to increase with flux. 
This test demonstrated that the Starmem 122 membrane showed some MWCO 
variability depending on the solvent system used. This could be a result of different 
degrees of swelling of Starmem 122 in different solvents. Higher swelling solvents such 
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as methanol and ethyl acetate might result in larger pore sizes and hence an increase in 
the MWCO. Conversely, a lower MWCO would be observed with lower swelling 
solvents such as toluene and hexane. In addition, the size and shape (dynamic radius) of 
the oligostyrenes in different solvents could result in the differences in the observed 
MWCO. 
The MWCO curve for the hexane test solution shows a plateau occurring at a rejection 
of 80%. This suggests leaks around or through the membrane during operation, 
concentration of permeate due to evaporation of the volatile solvent or a combination of 
both effects. The low flux observed for hexane (5 L m"^  h"') exacerbated this effect and 
significantly affected the rejection results. A repeat using a different membrane was 
performed and showed a very low MWCO. This result corroborated with the trend 
observed where a lower MWCO was obtained in solvents with lower fluxes. A small 
leak in such a filtration system would have little effect on the observed flux but would 
lower the rejection curve. Figure 3.13 shows the simulated vertical shift of the MWCO 
curve due to different amounts of leak flux as a percentage of the total flux assuming 
that leak flows do not reject any species. It is observed that even a small leak can result 
in the plateau of the MWCO curve indicating a rejection of <99.9% for species of 
higher molecular weight. 
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Figure 3.13 Vertical shift of MWCO curve due to different amounts of leak flux as a 
percentage of the total flux. 
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In addition to the solvents used in this study, the oligostyrenes were found to be soluble 
in DMF, NMP, dimethyl sulfoxide, dichloromethane and acetone. The oligostyrene 
method is able to identify possible presence of leaks during filtration in this molecular 
weight range and would be a useful tool to determine any membrane or equipment 
defects when testing OSN membranes. Furthermore, the advantages of using 
oligostyrene as compared to other oligomers are that it is un-charged, non-polar and is 
readily detected by UV absorbance. Drawbacks of this system include the expense of 
the oligostyrene standards and that it is difficult to determine the exact concentrations of 
the individual oligomers, making mass transport studies difficult. 
3.4.4 OSN testing of as-cast PAni asymmetric membranes 
With the establishment of a standardised test, the as-cast PAni membranes were 
characterised using the oligostyrene in methanol and acetone tests. Unfortunately, the 
membranes were not fully stable in both organic solvents and during permeation, the 
permeate flow was coloured bluish by PAni. Consequently, it was difficult to run HPLC 
analysis with PAni contaminating the permeate stream but results showed that the 
membranes gave no rejection to all oligostyrene test solutes. So as to stabilise the as-
cast membranes, thermal crosslinking was performed where the membranes were put 
into a 180°C oven for 2 h [103]. Once thermally crosslinked, the membranes no longer 
dissolved in acetone or methanol. However, after thermal crosslinking, the membranes 
gave no fluxes in any of the test solvents. These membranes have a dense enough top 
layer for pervaporation performance but were too non-porous for OSN. Characterisation 
of thermal crosslinking will be discussed in greater detail in Chapter 4 as a means of 
imparting chemical stability after porosity was induced by acid addition. 
3.5 Conclusions 
In this chapter, studies were done to set up the foundation for testing PAni OSN 
membranes. With the method and proper equipment setup, the molecular weight of 
PAni synthesised could be controlled by varying the reaction temperature. The PAni 
powder synthesised was of good quality and high molecular weight. To enable casting, 
4MP as a gel inhibitor was found to work well and without the addition of a gel 
inhibitor, concentrated solutions of PAni would gel up quickly during mixing. 
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Membranes cast using a phase inversion method were found to have typical asymmetric 
structures, i.e. a thin dense top layer with a porous spongy under layer with the presence 
of macro voids. The presence of the dense top layer showed that the membrane could 
potentially possess nanofiltration properties. 
In addition to PAni membrane casting, a method for testing OSN membranes was 
thoroughly developed and investigated so as to obtain the entire filtration performance 
of a membrane in the 200 - 1000 g mol"^  range. Using styrene oligomers, the method 
gave similar results to those published in the literature but gave a more comprehensive 
description in terms of separation performance. The method required only a single test 
to obtain the entire filtration curve and analysis of the results was easily performed 
using HPLC. Leaks that occurred during testing were easily detected using this method 
compared to typical testing methods which only used one test solute. 
Using this test, PAni as-cast membranes were tested in methanol and acetone. However, 
without stabilising, the membranes were not fully stable in organic solvents and started 
to dissolve slightly during nanofiltration testing. Thermally crosslinked membranes 
were stable in solvents but gave no fluxes signifying that the membranes had a dense 
non-porous top layer. 
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4. Doped PAni Membranes for Use in OSN 
4.1 Abstract 
The strategy of inducing nanoporosity outHned in Chapter 1 was investigated, resulting 
in a new family of functional materials for organic solvent nanofiltration, with excellent 
chemical stability and high retention of solute molecules. A new method of doping PAni 
solutions was investigated by adding organic acids directly to PAni dissolved in a 
mixture of NMP and 4MP before casting. Among the organic acids investigated, maleic 
acid, phthalic acid, sulfosalicylic acid and camphorsulfonic acid were able to dope PAni 
without causing gelation. These acids acted as soft templates, creating nanoporosity in 
the thin skin layer of the asymmetric PAni film. Their removal by alkaline extraction 
created membranes through which small solvent molecules could pass. After extracting 
the organic acids, the membranes were thermally crosslinked which conferred excellent 
solvent stability. These membranes had a MWCO in the range of 150 - 250 g mol"' in 
methanol, making them one of the tightest OSN membranes reported to date, and the 
first reported OSN membranes from PAni. It was found that an increase in crosslinking 
temperature or time led to a decrease in solvent flux. PAni membranes were found to be 
resistant to a variety of organic solvents such as ethyl acetate, acetonitrile and acetone. 
These remarkable membranes have the potential to be used in OSN operations at high 
temperatures (possibly up to 150°C), and gave increasing fluxes with increasing 
temperature while maintaining a high solute rejection. 
Parts of this chapter have been published: 
S. Malladi, X.X. Loh, K. Li, A. Bismarck, , J.H.G. Steinke, A.G. Livingston, J. Membr. 
5'cz. 330 (200^^ 761 
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4.2 Introduction 
As mentioned in Chapter 2, presently, commercial OSN membranes are typically 
fabricated either directly by phase inversion from PI, or by phase inversion of 
polyacrylonitrile followed by coating the resulting ultrafiltration membrane with 
silicone to form a thin film composite. However, these membranes have performance 
limitations [59, 135]. For example, Starmem membranes from W.R. Grace and Co and 
MPF membranes from Koch Membrane Systems, respectively, fail in harsh polar 
aprotic organic solvent systems [56, 60]. Efforts to improve OSN membranes in the 
recent past have centred on improvements to membranes based on polyacrylonitrile-
PDMS and Pis [119]. However, the challenge of developing OSN membranes with 
improved resistance to organic solvents from other polymeric materials remains. OSN 
membranes should have high chemical, thermal and solvent resistance. PAni, which can 
be tailored to meet specific separation applications through a doping and de-doping 
process, has received much attention in separation applications [6, 93, 95, 96, 100, 136-
138]. In this chapter, efforts to induce nanoporosity in PANI by acid doping and the 
successful application of the resulting membranes to OSN will be presented. 
The emeraldine base form of PAni is especially interesting as it can be doped by acids 
and easily dedoped by exposure to a base. The reaction scheme is reproduced here in 
Figure 4.1 for reference. 
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Emeraldine Base 
HoN 
H,N 
Emeraldine Salt 
H,N 
Figure 4.1 Mechanism for doping/de-doping of PAni. 
Thus far, the apphcation of PAni membranes in liquid environments has been limited to 
pervaporation. Several obstacles present themselves in the application to liquid filtration 
processes such as reverse osmosis and nanofiltration: 
1) Liquid flux 
Most experiments on gas separation and pervaporation have been performed using 
dense PAni films. However, liquid fluxes through these dense films would be very 
low. For viable liquid fluxes through PAni membranes, the thin selective layer has 
to be in the 0.1 - 1 |am range. This means that in practical terms, for liquid 
separations, ultra-thin composite membranes or integrally skinned asymmetric 
membranes need to be manufactured. 
2) Gelation of PAni solutions 
Until recently, casting solutions of PAni have been limited to low concentrations 
since gelation of the PAni solutions occurs rapidly at concentrations above 5 - 6 
wt.% [114, 115]. Dense films made by solvent evaporation have circumvented this 
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problem by fabricating membranes from solutions below this concentration. 
However, to fabricate the asymmetric membranes by phase inversion for liquid 
filtration applications, a highly concentrated casting solution (-15 - 25 wt.% PAni) 
is required. This method has already been shown to work successfully in Chapter 2. 
3) Mechanical and chemical stability of PAni membranes 
Filtrations in liquid media typically operate at much higher pressures compared to 
gas filtrations [7]. Combined with the issue of low liquid flux, PAni membranes 
need to possess both mechanical strength and a thin separation layer. Chemical 
stability becomes another important issue in moving fi-om gas to liquid separations. 
Although PAni is stable in water, it is soluble or partially soluble in many organic 
solvents such as NMP, DMF and THF. Unless they are treated in some way, PAni 
membranes would likely fail when used for filtration of these organic solvents. 
These obstacles can be overcome by: (i) fabricating integrally skinned asymmetric PAni 
membranes which combine the advantages of a thin separation layer with a thick porous 
under layer to provide mechanical strength, and then; (ii) crosslinking the resulting 
membranes to induce chemical stability. The mechanical stability of PAni membranes 
can be enhanced by fabricating them from high molecular weight PAni, which can be 
produced by a simple synthesis method at low temperatures and long reaction times 
[109]. Further chemical stability can be conferred to the membrane through 
crosslinking. The method of thermal crosslinking of PAni has been well researched and 
presented previously in Chapter 2. This method of crosslinking will be used here and 
the analysis of thermal effects on PAni membranes will also be presented in this 
chapter. 
Solvent nanofiltration requires permeation pathways in the top separating layer of 
asymmetric membrane which solvent molecules can pass through. In this chapter, a 
novel method for the preparation of OSN membranes fi-om PAni by entrapping acid 
dopants as pore templating agents in the PAni matrix is presented. Subsequently, 
permeation pathways in the membrane were created by removing these dopants via 
alkaline extraction. 
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4.3 Experimental 
4.3.1 Materials 
Materials used for PAni synthesis and solvents used for membrane fabrication as well as 
nanofiltration testing are similar to those presented in Chapter 3. 
4.3.2 Synthesis of PAni 
PAni was synthesised in the laboratory by oxidative polymerisation of aniline. 
Synthesis was carried out at +15°C using the method employed in Chapter 3. 
4.3.3 Fabrication of integrally skinned asymmetric PAni membranes with acid 
doping 
PAni was added slowly to a mixture of NMP and 4MP at a high mixing speed to make 
up a solution containing 16.7 wt.% of PAni. For every mol. of the PAni monomeric 
repeat unit, 0.38 mol. of 4MP were added. For dioxane/NMP solutions, the dioxane, 
NMP and 4MP were mixed well together before adding PAni. This solution was left to 
stir for 12 h to obtain a homogeneous mixture. The required amount of organic acid was 
then added to the solution slowly in portions 1 h apart. For example, to fabricate maleic 
acid doped membranes, maleic acid (1.6 g) was added to the solution in 2 equal portions 
1 h apart and stirred at a lower mixing speed. Once the PAni solution turned from dark 
blue to dark green, indicating that acid doping had taken place, the solution was stirred 
for a further 2 h. The solution was then left to stand for 4 h for degassing to take place. 
An adjustable casting knife was used to cast 250 |im thick films on glass using a film 
casting machine (Braive Instruments, UK). For fabricating membranes with a support 
backing material, a polyester backing (Hollytex 3329, Kavon Filter Products Company, 
Inc) was immobilised on the glass plate before PAni was cast on to the backing 
material. Immediately after casting, the membrane film was fully immersed into a 
deionised water bath at room temperature for phase inversion. The membrane was then 
left in the deionised water bath for at least 24 h before any further post-casting 
processes were carried out. 
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4.3.4 Preparation of PAni membranes for use in OSN 
For use in OSN, the acid-doped PAni membranes were immersed in a 1 M deionised 
water/methanol sodium hydroxide solution (50/50 v/v %) for 3 h to fully dedope the 
membranes. The use of methanolic solution was found to be more successful at 
dedoping PAni membranes than aqueous NaOH [139]. As-cast membranes were dark 
green in colour and turned dark blue after dedoping. After dedoping, the membranes 
were washed and immersed in deionised water to remove any excess sodium hydroxide. 
Membranes were thoroughly dried in air and subjected to crosslinking by keeping them 
in an oven at 180°C. Membranes were put through varying durations of thermal 
treatment at this temperature, from 0.5 - 2.0 h. 
4.3.5 SEM 
Scanning electron micrographs of thermally crosslinked membranes were recorded 
using a similar procedure and equipment as detailed in Chapter 3. 
4.3.6 Differential scanning calorimetry 
Differential scanning calorimetry thermograms of dedoped membranes were recorded 
on a Perkin Elmer Pyris 1 instrument at a heating rate of 10°C min'\ Scans were done 
ft-om 30°C to 300°C under nitrogen flow. 
4.3.7 Thermal gravimetric analysis (TGA) 
Thermogravimetric spectra of dedoped PANI membranes were recorded from a range of 
30 - 600°C using TGA Q500 instrument at a heating rate of 10°C min"^  with a nitrogen 
flow rate of 60 ml min"'. 
4.3.8 Fourier transform infrared (FTIR) spectra 
Fourier transform infrared (FTIR) spectra of membranes were recorded both before and 
after thermal crosslinking in transmission mode. A Perkin Elmer Spectrum One 
spectrophotometer with a MIRacle attenuated total reflection (ATR-Pike Technologies) 
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attachment was used to analyse the membrane samples. A background scan was 
performed prior to sample testing. A range of 4000 - 600 cm'^  was scanned 16 times 
with a scan time of 1 minute. The resulting spectra were captured and analysed using 
spectrum computer software. 
4.3.9 Mechanical strength testing 
Samples of the membrane were used for mechanical strength testing employing an 
Instron 5544 Tensile Tester. All measurements were carried out on strips of 30.0 mm by 
5.0 mm wide areas cut from the membranes. Both ends of the sfrips were held by the 
grips of the instrument. The strips were stretched at a constant rate of 5 mm min-1 and 
the stress-strain relationship was obtained. Multiple strips were run and values reported 
later are the mean of these results. 
4.3.10 Nanofiltration experiments 
Nanofiltration experiments were carried out in dead end mode using a SEP A ST 
(Osmonics, USA) nanofiltration cell similar to the one described in Chapter 3, The 
method used for determining flux and MWCO curves was based on oligostyrene test 
solutes described in Chapter 3 [140]. Filtrations were also performed above room 
temperature from 30°C to 70°C. For testing at these higher temperatures, the SEP A cell 
was immersed in a regulated and well-stirred hot water bath. Permeate from the 
filfration was collected in a measuring cylinder immersed in an ice bath to prevent 
solvent loss. A simple mass balance was performed in all cases to ensure accurate 
analysis of permeate and retentate concenfrations. 
4.3.11 Membrane nanofiltration performance 
Nanofilfration performance of membranes in organic solvents was evaluated by the flux 
and the MWCO curve, obtained using the equations stated in Chapter 2 (2-2, 2-3 and 2-
4). In all experiments, the mass balance for each solute was calculated to be >95%. 
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4.4 Results and Discussion 
Initial attempts to prepare asymmetric nanofiltration membranes were directed towards 
preparing membranes from 20 wt.% solutions of PAni by phase inversion in aqueous 
dopant solutions (0.2 M dodecylbenzene sulfonic acid, camphorsulfonic acid or ethane 
sulfonic acid). The membranes were subsequently left in the organic acid/water 
solutions for 3 days to allow doping to take place. The membranes were then dedoped 
using a strong base. Finally, these membranes were thermally crosslinked at 180°C in 
order to render them stable in organic solvents. Unfortunately, membranes prepared by 
this doping/dedoping method did not show any nanofiltration properties, having no fiux 
for methanol, toluene or acetone. Previously in Chapter 3, SEM examination had 
already revealed that the top layer comprised a dense film with low solvent 
permeability. 
4.4.1 Preparation of doped PAni membranes 
In order to induce nanoporosity into the top layer of the PAni membranes, a new 
method of doping was developed. PAni casting solutions were doped with various 
organic acids in the range of 100 - 400 g mol'^  by direct addition of the dopant into the 
solution before membrane casting. The acids were chosen based on functional groups as 
well as popular dopants used in past literature. A summary of the acids used and the 
effect on the PAni casting solution is given in Table 4.1. 
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Table 4.1 List of acids used for doping PAni via direct addition. 
Acid Used 
Mw 
(g mol"^ ) 
Mol. 
Eq.* 
pJTai piSTaz 
Result 
Maleic acid 116.07 1.5 1.93 6.58 Dopes, able 
to cast 
Phthalic acid 166.13 1.1 2.95 5.41 Dopes, able 
to cast 
Sebacic acid 202.25 1.5 4.40 5.31 Does not 
dope 
Dibutyl Phosphate 210.21 1.4 1.72 Dopes, gels 
Sulfosalicylic acid 218.18 0.8 2.49 12 Dopes, able 
(-COOH) (-0H) to cast 
Camphorsulfonic acid 232.30 1.5 
2.17 
Dopes, able 
-
to cast 
Ethylenediamine tetraacetic 292.24 1.0 2.00 2.67 Does not 
acid dope 
5 -B enzoy 1-4-hy droxy-2- 308.31 1.0 Dopes, gels 
methoxy benzenesulfonic 
acid 
4-Dodecylbenzenesulfonic 326.49 1.3 
_ 
Dopes, gels 
acid 
Dibenzoyl tartaric acid 358.30 0.8 Does not 
dope 
[*in molar equivalents to one mole of the PAni tetrameric repeat unitj 
The acid was added slowly to the PAni casting solution. For acids that doped the PAni, 
a colour change (from dark blue to dark green) was observed after significant amounts 
were added, implying doping of the PAni was taking place. Unfortunately, several 
stronger acids that visibly dope the PAni solution subsequently caused gelation of the 
polymer solution which prevented membrane casting. 
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Data for molecular weight and p^a of doping acids are also included in Table 4.1. From 
this it can be seen that the molecular weight of the acid seemed to have an impact on 
processibility of the solution as the heavier acids all resulted in gelation of the PAni 
solution. On the other hand, there is no obvious correlation between the pATa of the 
doping acid whether or not doping or gelation occurs. This list is certainly not 
exhaustive and there are possibly more acids that will dope the PAni without leading to 
gelation of the solution. 
There were several acids that could be added to PAni casting solutions in NMP and then 
mixed well, giving a dark green PAni solution. These acids were maleic acid, 
sulfosalicylic acid, phthalic acid and camphorsulfonic acid. Asymmetric PAni 
membranes were successfully cast from PAni solutions doped with these acids. As-cast 
membranes were dark green in colour and turned dark blue after dedoping. The dedoped 
membranes were typically crosslinked thermally at 180°C for 1 h before being used in 
nanofiltration tests. 
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4.4.2 SEM characterisation 
Figure 4.2 shows the SEM images of the PAni membranes formed by phase inversion 
with water as a coagulant. The cross-section reveals an integrally skinned asymmetric 
structure with a spongy under layer in which large macropores are present. The top 
layer of the membrane consists of a densely packed layer of nodular structures which 
become more porous while proceeding into the bulk. The similarity in the structures 
observed between crosslinked and uncrosslinked membranes (as shown in Chapter 3, 
Figure 3.9) suggests that thermal treatment did not affect the morphology of the PAni 
membrane. The overall structure of the membrane could facilitate liquid titrations as 
outlined in the introduction, but the large macropores may possibly lead to membrane 
compaction if high operating pressures (in the range 3 0 - 6 0 bar) are applied. 
luu :-sUi.-»a 
i.n '• A 
Figure 4.2 SEM pictures of the cross-section of PAni asymmetric membrane. 
4.4.3 Differential scanning calorimetry 
To investigate the time and temperature required for the membranes to be well 
crosslinked, membranes were analysed using dynamic scanning calorimetry (DSC). 
DSC performed on an uncrosslinked membrane (doped/cast/de-doped with maleic acid) 
showed an exothermic peak in the range of 150 - 220°C. This exothermic peak is 
attributed to the process of thermal crosslinking (Figure 4.3) since there was no 
significant weight gain or loss in this thermal transition period [104, 141]. The onset of 
thermal crosslinking was found to be at 149°C, 159°C and 157°C for membranes 
doped/cast/de-doped with maleic acid, sulfosalicylic acid and camphorsulfonic acid, 
respectively, as shown by the data in Figure 4.3. The peak of the exothermic region was 
found to occur at 192°C, 197°C and 194°C, respectively and indicates that subjecting 
membranes to thermal treatment at 180°C for 1 h ensures adequate thermal crosslinking. 
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Further evidence of crosslinking was provided by the observation that thermally treated 
membranes were totally insoluble in THF, while untreated membranes rapidly 
disintegrated and eventually dissolved. 
100 150 200 
Temperature (°C) 
300 
Figure 4.3 DSC curves of dedoped PAni membranes prepared by doping with (a) 
maleic acid, (b) sulfosalicylic acid and (c) camphorsulfonic acid. 
4.4.4 TGA 
TGA of PAni (doped/cast/de-doped with maleic acid or sulfosalicylic acid) is shown in 
Figure 4.4. The weight loss for both membranes was around 5 % at 180°C which may 
due to the loss of moisture and traces of dopant present in PANI membranes. The onset 
of degradation of PANI was in the range of 400 - 425°C for both membranes. The total 
weight loss for PANI membranes doped cast/dedoped with maleic acid and 
sulfosalicylic acid was 71.6 % and 72.6 % respectively at 600°C. 
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Temperature (°C) 
Figure 4.4 TGA curves of dedoped PANI membranes prepared by doping (a) maleic 
acid, (b) sulfosaHcylic acid. 
4.4.5 FTIR analysis 
FTIR was used to study the effect of thermal crosslinking at 180°C for 1 and 2 h on 
PAni (Figure 4.5). The 1595 and 1505 cm"' bands are assigned to non-symmetric Cg 
ring stretching modes. The 1300 cm"' band is a C-N stretch attributed to the presence of 
secondary (-N=) aromatic amine groups. The 1160 cm"' band is probably due to the in-
plane C-H bending motion of the aromatic rings, and the last band at 1700 cm"' is due to 
carbonyl (C-0) stretch. 
Comparing the FTIR spectra of uncrosslinked and crosslinked membranes, it can be 
seen that all absorption bands after thermal treatment have an increased width. This 
broadening has been noted by others and was attributed to the increased interaction of 
vibrational modes due to physical chain crosslinking [87]. The decrease in the intensity 
of the secondary amine band at 1300 cm"' is also indicative of thermal crosslinking 
forming tertiary amines. Perhaps the most obvious difference between uncrosslinked 
and crosslinked membranes is the appearance of the carbonyl band at 1700 cm"'. The 
membranes were crosslinked in air. Rannou et al. [104] have suggested that oxidation of 
the PAni in presence of oxygen can occur either in the middle of the chain or at chain 
87 
Chapter 4: Doped PAni Membranes for Use in OSN 
ends. Indeed, PAni crosslinked in argon shows no presence of the carbonyl band at 1700 
cm'^  [141]. In any case, the FTIR spectra of membranes crosslinked at 180°C show little 
difference between 1 h and 2 h of thermal treatment. This is consistent with the 
conclusion from Pandey et al. [142], who have shown, using dielectric analysis, that 
most of the crosslinking at high temperatures takes place within the first 1 h. 
1 8 0 X , 1 h 
180°C, 2 h 
No thermal treatment 
- | r 
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Figure 4.5 FTIR-ATR spectra of thermally treated and untreated PAni membranes 
(doped/cast/de-doped with maleic acid). 
4.4.6 Mechanical strength of membranes 
The Young's modulus was calculated from the linear part of the stress-strain curve 
obtained from testing and was found to be 2.20 MPa. Such a low value of Young's 
modulus can be attributed to the macrovoids and highly porous underlayer which 
dominates much of the membrane structure that can be seen in the SEMs. The values 
obtained in testing were comparable to those found in the literature [143], where the low 
value of Young's modulus was also attributed to the inherent porous structure of films 
made from a phase inversion method. The PAni membranes were also noticeably brittle 
in testing, showing a very steep stress-strain curve with rupture occurring at low strain 
values of -11%. Both the Young's modulus and brittleness show the PAni membranes 
to be mechanically weak and casting on a porous backing would be recommended to 
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impart more strength to the membrane. This would be an especially important 
consideration for large-scale casting. 
4.4.7 Organic solvent nanofiltration performance 
In OSN testing the flux was determined by mass flow measurements, and the rejection 
as a function of solute molecular weight (the MWCO curve) using a series of 
oligostyrene markers. Figure 4.6 followed the permeate flux against time in a typical 
batch filtration experiment. There was a significant initial decline in flux which 
stabilised after some time; this may be due to compaction of the separating layer, and 
has been noted for experiments on PI-OSN membranes performed in my research group 
[43]. This phenomenon has also be reported widely in the literature for both PI 
membranes [144] as well as MPF membranes tested in methanol [62]. Compaction of 
the membrane leads to a noticeable decrease in the membrane thickness which was 
observed after the membranes were taken out of the dead end cell. Although a decrease 
in membrane thickness would lead to an increased solvent permeation, compaction was 
also likely to cause the top layer to become denser and thus provide more resistance to 
mass transport. Figure 4.6 also charts a decrease in the permeate flux when pure solvent 
was swapped to the test solution. This decrease in flux, though not similar in its exact 
value, was present in almost all of the tests conducted with the oligostyrenes regardless 
of the organic solvent used. This decrease could possibly be attributed to the fouling of 
the membrane by the oligostyrenes. Although the concentration of oligostyrenes used 
was typically low, any blockage of the free volume or permeation pathways in the PAni 
membranes by the oligostyrenes could lead to the decrease in permeation flux. An 
analysis of solvent backwash could have been performed after filtration testing so as to 
ascertain and quantify the possibility and extent of fouling. Unfortunately, a more 
detailed study of fouling by the oligostyrenes was not conducted in this thesis. 
The MWCO curve was determined only after flux had stabilised and permeate fluxes 
quoted henceforth refer to the stable fluxes obtained from values outlined by the dotted 
boxes shown in Figure 4.6. 
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Figure 4.6 Flux profiles of PAni membranes during nanofiltration over time at 30 bar 
and 20°C. The feed is initially pure methanol, followed by oligostyrene/methanol 
solution used to determine the MWCO curve. 
Efforts were focussed initially on maleic acid doped membranes as these gave good 
fluxes and high rejections of oligostyrenes in the nanofiltration range. It was found that 
membranes cast from solutions containing 16.7 wt.% of PAni and doped with 1.5 molar 
equivalents (moles of acid to moles of PANI tetrameric repeat unit) of maleic acid gave 
good permeate fluxes and OSN performance. Membranes were fabricated with different 
batches of PAni made in our laboratories, and both with and without non-woven 
backing. Details are provided in Table 4.2. Figure 4.7 shows the MWCO curves and 
fluxes for Ml - M4, each fabricated from different batches of PAni, both with and 
without non-woven polyester backing material. All curves gave similar results, 
highlighting the reproducibility of this method. 
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Table 4.2 Casting conditions of membranes used and the PAni batch they were made 
from. 
Membrane PANI Batch Mw PANI Cone. Membrane 
No. No. (g mol^) (wt.%) Backing 
Ml L36 71 000 NIL 
M2 L39 76 000 NIL 
MB L35 75 000 polyester 
M4 L35 75 000 polyester 
M5 L45 70 000 polyester 
M6 L47 81 000 16.7 for all NIL 
M7 L48 70 000 NIL 
MS L36 70 000 NIL 
M9 L39 76 000 NIL 
MIO L39 76 000 NIL 
Mi l L55 73 000 NIL 
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Figure 4.7 Nanofiltration performance curves and fluxes for membranes Ml - M4 in 
methanol at 30 bar and 20°C. Ml and M2 were cast without backing, M3 and M4 were 
cast on polyester backing. 
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Due to the high rejection of the test solutes, it was difficult to pinpoint the exact MWCO 
for this membrane. The oligostyrene test was thus extended to include styrene monomer 
with molecular weight 104.15 g mol"^  as an additional test solute. Filtration of the 
styrene monomer in methanol was carried out on two membranes M5 and M6. The 
results can be seen in Figure 4.8. 
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MWCO: 220 g mol 
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Figure 4.8 Nanofiltration performance curves of M5 and M6 using 
oligostyrene/methanol test with styrene monomer added as a further solute, at 30 bar 
and 20°C. 
The curves in Figure 4.8 show a steep decline in rejection between the styrene monomer 
and the styrene dimer, which is a property of good filtration membranes. The MWCO 
was estimated to be in the range of 150 - 250 g mol"' and >99% rejection occurred at 
>400 g mor \ Such high rejections imply that the membranes could potentially be used 
for filtration of very low molecular weight compounds, or for solvent exchange 
processes with small solutes. 
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4.4.8 Effect of acid dopant 
To establish whether acid doping was important in producing the nanofiltration 
properties, membranes were cast from PAni solutions without acid dopants, subjected to 
the same post-casting processes, i.e. dedoping and thermal crosslinking, and their 
nanofiltration properties tested. In Chapter 3, it was found that membranes cast from 
undoped PAni casting solutions had no methanol flux at 30 bar, verifying that the acid 
doping step was indeed necessary for the formation of working OSN membranes. The 
organic acids used to dope the PAni in the casting solution could possibly act as 
templates for the permeation pathways which are formed upon alkaline extraction of the 
acids (dedoping). This led to investigations of the effect of different acids on the 
performance of PAni membranes. 
Figure 4.9 shows the nanofiltration properties of membranes prepared by doping PAni 
with different organic acids. The nanofiltration curves show that membranes doped with 
sulfosalicylic acid, phthalic acid and maleic acid gave high rejections of oligostyrene 
test solutes in the nanofiltration range, and similar fluxes. However, membranes doped 
with camphorsulfonic acid consistently gave poor rejections - the flat curves obtained 
show that there were most probably large permeation pathways/defects, which could not 
discriminate between the oligostyrene solutes. The shape of the acid dopants seems to 
have little effect on the nanofiltration properties of membranes. Maleic acid, which is 
the smallest, produced similar flux and rejection as the other two acids, phthalic acid 
and sulfosalicylic acid which have a benzene ring in their structure. Camphorsulfonic 
acid, besides being the heaviest acid, also has a bulky 3-D structure compared to the 
other acids. This could be one reason why it was difficult to obtain good OSN 
performance curves with camphorsulfonic acid doped PAni membranes. Indeed thus far, 
no organic acids were identified that could 'template' the PAni so as to provide a 
'looser' MWCO curve which shows low rejection around 200 - 300 g mol"', increasing 
to >99% for 1000 g mol"'. It is interesting that the MWCO of membranes did not 
change when different-sized acids were used as dopants. One reason for this could be 
that the thermal crosslinking creates bonds which restructure the polymer layer and 
cancel any differences in template size. Another possible reason could be that the 
differences in acid sizes (116-218 g mol"') were not big enough to have a significant 
impact on the MWCO curve. 
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Figure 4.9 MWCO curves and fluxes of PAni membranes with methanol/oligostyrene 
solution at 30 bar and 20°C. Membranes doped/cast/de-doped using the organic acids 
indicated in the legend. 
4.4.9 Effect of thermal crosslinking 
All the membranes described so far were crosslinked at 180°C for 1 h and were stable in 
methanol. Experiments were carried out to determine the effect of varying crosslinking 
temperature-time profile on methanol flux and rejection of oligostyrene. Membranes 
were crosslinked at 150°C, 180°C and 200°C for different periods and their 
nanofiltration performance was evaluated using the oligostyrene/methanol test. From 
Figure 4.10, it can be seen that rejection >90% of oligostyrene units is conferred only 
after at least 1 h of crosslinking, and that membranes crosslinked for only 0.5 h had low 
rejections of oligostyrene solutes. There is also a clear correspondence between 
crosslinking temperature and flux. Methanol flux through a membrane crosslinked at 
150°C was higher than that of crosslinked at 180°C. Indeed a membrane crosslinked at 
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200°C for 1 h had no methanol flux at all. This suggests that there was a trade-off 
between crosslinking density and flux. Comparing the mechanisms for thermal 
crosslinking and doping PAni with acids [86, 145], it can be seen that both reactions 
occur at the imine nitrogen in PAni. After alkaline de-doping, the 'pores' created at the 
imine sites could be 'closed' due to thermal crosslinking. This might explain the trade-
off between crosslinking and flux. Although there is a relationship between crosslinking 
temperature and flux, the MWCO curves of different membranes crosslinked at 150°C 
and 180°C for 1 h, and at 180°C for 2 h showed little difference. This suggests that the 
filtration characteristics of the membranes remain. Permeate collected was blue in 
colour during nanofiltration tests from membranes put through thermal treatment at 
temperatures less than the onset of crosslinking (<150°C referring to Figure 4.3). 
Therefore, 180°C for 1 hour was chosen as the standard crosslinking conditions in this 
work and all membranes were treated at these conditions except where specifically 
described. 
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Figure 4.10 Nanofiltration performance of membranes crosslinked at different 
temperatures and times (M7) in methanol at a pressure of 30 bar and 20°C. 
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4.4.10 Effect of casting solution 
Recently, studies have found that by changing the casting dope composition, polyimide 
membranes were found to give different nanofiltration properties. In this study, Seetoh 
et al. [146] found that by increasing the amount of dioxane to DMF ratio in their casting 
solutions, tighter nanofiltration membranes could be formed. To investigate if the 
nanofiltration properties in these PAni membranes could also be similarly affected, 
membranes cast from dioxane/NMP solutions were cast and tested in methanol. These 
membranes were all similarly doped with maleic acid and dedoped after casting. Figure 
4.11 below shows the results of nanofiltration experiments. 
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Figure 4.11 Nanofiltration performance of membranes Mi l , cast with dioxane/NMP 
solutions in methanol at 30 bar and 20°C. 
Membranes made from solutions of both 10 wt.% and 30 wt.% dioxane by decreasing 
the corresponding amount of NMP in solution. Increasing the dioxane composition 
beyond this point led to rapid gelation of the PAni solution as dioxane is not as good a 
solvent for the polymer as NMP is. The filtration curves obtained fi^om testing (Figure 
4.11) showed that the PAni membranes presented little difference in terms of the 
rejection profile. Nanofiltration properties were seemingly unaffected by the addition of 
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dioxane. Compared to polyimide membranes, increasing the amount of dioxane from 10 
wt.% to 30 wt.% led to a profound change in MWCO; an ultrafiltration membrane to a 
nanofiltration membrane. This non-effect of casting solution composition was not 
surprising based on the hypothesis that the nanofiltration properties arise from maleic 
acid doping. Indeed this result was further contributing evidence that acid 
doping/dedoping was the mechanism behind generating PAni OSN membranes. 
The dioxane did affect the membrane performances however, and methanol flux 
through these membranes was shown to decrease with increasing amount of dioxane 
composition in the casting solution. Compared to membranes cast without dioxane, 10 
wt.% dioxane membranes gave lower fluxes of 19.6 L h"' m"^  and 30 wt.% dioxane 
membranes had much lower fluxes of 9.1 L h"^  m'^  (averaged fluxes). An explanation 
for this is that dioxane is a more volatile organic solvent than NMP. Hence there was 
more rapid evaporation during membrane casting with increased dioxane in the casting 
solution composition. This increase in evaporation led to a thicker dense layer at the top 
of the PAni membrane. Since the dense top layer is the main resistance to mass transfer, 
a denser top layer would lead to decreased permeate fluxes. Therefore, dioxane did 
affect the membrane morphology but since nanofiltration properties arose from acid 
doping/dedoping mechanism, the MWCO of these membranes remained unchanged 
while the permeate flux was affected. 
4.4.11 Nanofiltration testing in various solvents and at elevated temperatures 
Figure 4.12 shows the performance of the maleic acid doped/cast/de-doped PAni 
membranes in various organic solvents using oligostyrenes as test solutes. The 
crosslinked PAni membrane was stable in a variety of organic solvents and gave very 
high rejections in the nanofiltration range of 200 - 1000 g mol"'. The fluxes of solvents 
such as THF and toluene are lower when compared to those of methanol and acetone at 
30 bar (Table 4.3). The differences in performance between the various solvents could 
be due to the different degrees of swelling of PAni in different solvents, or due to the 
shape and or molecular weight/size of the solvent molecules. Previous studies on the 
relationship between the Hildebrand solubility parameter and swelling of the membrane 
have found that when 5soivent is closer to 5poiymer, there is increased membrane swelling 
and a higher solvent permeability [73, 147]. PAni has been reported to have a solubility 
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parameter of 23.8 MPa*^ '^  [148] (note that thermally crosslinked PAni might have a 
different 5 than that reported in the literature). In comparing the solvents, the trend of 
solubility parameter to permeation corresponds well where the 5 of THF and toluene 
(18.5 and 18.2 MPa'^ '^  respectively) have a greater difference than methanol and acetone 
(29.7 and 20.3 MPa°'^  respectively) relative to that of PAni. The greatest solvent flux 
recorded was that of ACN, which has a 6 very close to that of PAni at 24.1 MPa '^^ . 
Simple immersion swelling tests on PAni membranes using size-gain measurements 
also seemed to agree with this trend. Membranes swelled in ACN, methanol and 
acetone recorded length gains of 8.2%, 7.1% and 6.6% respectively while membrane 
swelling in THF and toluene only achieved gains of 2.2% and 2.0% respectively. While 
the trend between swelling, solubility parameter and permeation is agreeable, it must be 
noted that these swelling tests were not highly accurate due to the simplistic nature of 
the experimental method and errors arising due to the volatility of solvents tested. 
It has also been shown that solvents that swell the most strongly also tend to give a 
lower rejection. Although the ACN rejection curve in Figure 4.12 does show the poorest 
rejection profile, the values of the rejections in ACN are too close to those of other 
solvents to allow for any conclusive trend to be established. 
Table 4.3 summarises the solvents in which the membranes were stable. Solvents such 
as THF, toluene, and water gave low fluxes and it was impractical to obtain 
nanofiltration performance curves from these solvents, since insufficient permeate was 
collected for analysis. There is much interest in the ability of membranes to conduct 
filtrations in polar aprotic solvents. Unfortunately, viscous higher molecular weight 
solvents such as NMP and DMF also gave very low fluxes through these PAni 
membranes. 
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Figure 4.12 Nanofiltration performance of M4 in various solvents at 30 bar and 20°C. 
Table 4.3 A summary of PAni membranes nanofiltration performance in various 
solvents. Fluxes quoted here are average pure solvent fluxes taken from various 
membranes all obtained at 30 bar, 20°C. 
Solvents Acetone ACN DCM , Methanol THF Toluene Water 
Acetate 
Membranes 
tested 
Avg. Flux 
(L h'' m"^ ) 
M3,4 M3,4 M4,7 M3,4 M l - 4 M6,7 Ml,7 M6,7 
23 35 25 29 25 9 4 5 
Since the PAni membranes were crosslinked at high temperatures, the membranes could 
be expected to be stable up to the onset of thermal crosslinking (<150°C). OSN 
experiments were carried out using methanol and water at different temperatures to 
observe the effect of temperature on flux and nanofiltration performance. To prevent 
methanol loss at higher temperatures, permeate from the filtrations was collected in an 
ice bath, and a mass balance of > 95% was recorded for all filtrations. 
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Figure 4.13 shows that the permeate fluxes increased with an increase in the operating 
temperature. There was a two-fold increase in water flux from 20°C to 50°C. Likewise, 
the same increase in temperature led to a 50% increase in methanol flux. Inspection of 
the MWCO curves for oligostyrenes in methanol at various temperatures (Figure 4.14) 
shows that the membrane integrity and performance remained unaffected with the 
increase in temperature. The data in Figure 4.13 and Figure 4.14 comprises the first 
reported data for OSN processes at temperatures substantially above ambient. Higher 
temperature testing was limited by the approach to the boiling points of the solvents 
used, but in principle the PAni membranes could possibly be used at temperatures up in 
excess of 100°C. 
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Figure 4.13 Dependence of water and methanol permeate flux at 30 bar on temperature 
for membrane M7. 
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Figure 4.14 MWCO curves for membrane M7 with methanol/oligostyrene solutions 
with increasing temperature, at 30 bar applied pressure. 
4.5 Conclusions 
Integrally skinned asymmetric PAni membranes were fabricated for organic solvent 
nanofiltration. Direct addition of organic acids to the PAni casting solutions was carried 
out to investigate which acids could dope the PAni. The doped PAni solutions were 
subsequently used to cast membranes which were then dedoped by alkaline extraction. 
Thermal treatment of the resulting membranes at 180°C resulted in crosslinking which 
provided stability in organic solvents. Membranes cast from PAni solutions doped with 
small organic acids such as maleic acid and sulfosalicylic acid were found to have good 
nanofiltration properties after this dedoping and thermal crosslinking process. Extensive 
studies into maleic acid doped membranes showed that the membranes had very high 
rejections in the nanofiltration range with an estimated MWCO in the range of 150 -
250 g mor \ The method for making these membranes was shown to be highly 
reproducible. The PAni membranes could also be used in a wide variety of organic 
solvents although fluxes of higher molecular weight solvents were low. Preliminary 
tests have shown that titrations through the membranes gave higher fluxes at higher 
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temperatures whilst retaining their rejection properties up to 50°C. Crosslinking of PAni 
membranes is a key step to confer stability in organic solvents. The thermal crosslinking 
method adopted in this study is a simple and feasible route that can be easily scaled-up. 
However, the thermal crosslinking process seems to result in the same MWCO for 
membranes prepared using different acid dopants. In addition, the fluxes of many 
important organic solvents such as, DMF, NMP, THF and toluene are low for 
membranes prepared by this thermal crosslinking method. 
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5. Chemically Crosslinked PAni Membranes 
5.1 Abstract 
Solvent stable integrally skinned asymmetric nanofiltration membranes were prepared 
from PAni. These membranes were made by phase inversion and then crosslinked using 
two different chemical crosslinkers, a,a'-dichloro-p-xylene (DCX) and glutaraldehyde 
(GA). The resultant membranes were found to be stable in various organic solvents 
including acetone, methanol, ethyl acetate, THF and DMF. Nanofiltration experiments 
carried out in acetone and DMF showed that the membranes gave stable permeate 
fluxes and good separation performance in the nanofiltration range. MWCO of the 
membranes was found to be similar to those crosslinked thermally; between 150 - 250 g 
mol"'. The maleic acid doping step was found to be an unimportant step for these 
chemically crosslinked membranes to possess nanofiltration properties. Nanoporosity in 
these membranes was postulated to come from the introduction of bulky crosslinks. 
These membranes were also found to be stable for operations at elevated temperatures 
up to 70°C and possibly higher. Furthermore, no fillers or preservative agents are 
required to maintain the membranes in a dry state thereby increasing the ease of 
handling. The pore-flow model was applied to the nanofiltration results to attempt to 
evaluate the pore size and pore size distributions of membranes crosslinked via different 
crosslinkers. 
Parts of this chapter have been published: 
X.X. Loh, S. Malladi, A. Bismarck, J.H.G. Steinke, A.G. Livingston, K. Li, J. Membr. 
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5.2 Introduction 
In the previous chapter, it has been shown that some degree of 'porosity' could be 
induced in PAni giving rise to filtration properties by doping, dedoping and redoping 
PAni with acids. Application of recent advances in PAni processing technology in 
Chapter 3 has allowed fabrication of an integrally skinned asymmetric PAni membrane 
with nanofiltration properties for use in organic solvents applying the methods 
described in Chapter 4. The most successful PAni membranes were fabricated firom 
solutions doped with maleic acid before casting. Subsequent removal of maleic acid 
firom the membrane by immersion in a strong base induced nanoporosity in the 
membranes. As far as I know, this was the first time PAni membranes had been used for 
OSN. Solvent stability of these membranes was conferred by a process of thermal 
crosslinking. Figure 5.1 reproduces the mechanism of thermal crosslinking in PAni for 
comparison. This method of crosslinking, though effective and well studied [84, 149], 
presented several obstacles in further PAni OSN membrane studies as well as large 
scale membrane fabrication. 
1) Crosslinking occurs on the same site as acid doping 
From Figure 5.1 , it is clear that the crosslinking occurs on the imine nitrogen which 
is also the site for acid doping. The method employed for inducing porosity in the 
PAni membranes involved doping the membranes before casting and removing the 
acid before thermal crosslinking. Since crosslinking occurs at the same site as 
doping, the porosity could possibly be partially lost after thermal crosslinking. The 
loss in porosity would possibly lead to a decrease in flux. Thus it was not surprising 
that the membrane gave little or no flux when tested in many organic solvents that 
have a high molecular weight such as toluene or DMF. Furthermore, too much 
thermal crosslinking gave membranes with no fluxes in any solvents at all. 
2) Inability to cast PAni on backing material 
Thermal crosslinking of the PAni membranes was carried out at 180°C for 1 h. 
Although certain backing material is stable at this temperature such as polyesters, 
many types of commercially available backing material such as polyolefms will 
melt at this temperature. Since polyester backing is unstable in polar aprotic solvents 
such as DMF, I was unable to test membranes cast on backing with this class of 
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solvents. This restriction to cast PAni on many kinds of backing material presents 
difficulties especially for casting at a larger scale. 
3) Deterioration of membrane mechanical properties 
The unsupported PAni membranes shrank during the process of thermal 
crosslinking. This shrinkage, though not a problem at the lab scale, would be a big 
issue at a larger scale especially since the membrane also subsequently became very 
brittle and inflexible. These problems combine to make the membrane very 
troublesome to handle and this would be an issue for large scale membrane 
conformations where a certain amount of bending or curling is required (e.g. spiral 
wound modules). 
An alternative to thermal crosslinking would be chemical crosslinking of PAni to make 
them stable in organic solvents. Chemical crosslinking of membranes for use in organic 
solvent nanofiltration applications have been reported. One such example is the use of 
/?-xylylenediamine as a crosslinker for polyimide based membranes [43, 144]. The 
method of chemical crosslinking is attractive as it allows researchers to fine-tune the 
intensity and extent of crosslinking by varying the concentration of crosslinker used and 
time for crosslinking. An appropriate choice of chemical crosslinkers could help avoid 
the problems that otherwise arise from thermal crosslinking. 
In this chapter, the preparation of chemically crosslinked PAni membranes for OSN 
applications will be presented. Two chemical agents, DCX and GA, were used to 
crosslink the PAni membranes. Both crosslinkers were chosen specifically to target the 
amine sites (as opposed to the imine sites) on PAni. As far as I know, no research has 
been reported on crosslinking PAni with DCX. DCX had been used previously to 
chemically crosslink polybenzimidazole nanofiltration membranes [150]. Figure 5.1 
below shows the proposed mechanism for crosslinking of PAni using DCX. 
Crosslinking takes place due to the stabilisation of carbocation formation in DCX, 
which attacks the amine nitrogen on PAni producing two moles of HCl for every mole 
of DCX. 
The other crosslinker that was investigated was GA. GA has been extensively used in 
many studies for use as an enzyme immobilising agent [89]. Reaction of GA with PAni 
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had been studied before, not specifically for crosslinking, but to modify PAni for 
possible use as biosensors and in enzyme immobilisation [90]. The proposed 
mechanism for crosslinking PAni using GA is shown in Figure 5.1. HCl was added as a 
catalyst for the reaction of GA with PAni. 
The obtained results showed that both crosslinking agents can successfully confer 
chemical stability on the PAni membranes due to the formation of crosslinks. 
Furthermore, PAni membranes possess interesting nanofiltration properties and can be 
used in harsh polar aprotic solvents. 
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Figure 5.1 Different methods of crosslinking in PAni. From top, thermal crosslinking, 
crosslinking using DCX and crosslinking using GA. 
5.3 Experimental 
5,3.1 Chemicals 
Materials used for PAni synthesis and solvents used for membrane fabrication as well as 
nanofiltration testing are similar to those presented in Chapter 3. PAni was synthesised 
in our laboratory at +15°C employing a similar setup and method also reported in 
Chapter 3. The weight average molecular weight of the PAni polymer used in this 
chapter's work was determined by gel permeation chromatography using polystyrene 
standards [103] and summarised in Table 5.1. 
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Table 5.1 List of PAni membranes used in filtration tests. T: temperature of PAni 
manufacture, Wt.%: refers to percentage of PAni only, PP: polypropylene (Novatexx 
2471), MA: maleic acid. 
Membrane T(°C) Wt. % Mw/Mn (xlO^) Backing Doped With Dedoped 
M4L35 +15 16.7 75/17 Nil MA Yes 
M10L48 + 15 20.0 70/13 Nil Nil Yes 
M1L52 +15 16.7 69/16 PP MA Yes 
M1L54 +15 16.7 106/15 PP MA Yes 
M5L52 +15 16.7 69/16 PP MA Yes 
M7L52 +15 16.7 69/16 PP MA Yes 
M1L65 +15 20.0 67/13 PP Nil N.A. 
5.3.2 PAni membrane fabrication 
The method for fabricating PAni OSN membranes was similar to the one described in 
Chapter 4. For fabricating membranes with a support backing material, a non-woven 
polypropylene backing (Novatexx 2471, Freudenberg Group) was immobilised on the 
glass plate before casting was carried out on the backing material. 
5.3.3 Crosslinking of PAni membranes 
Crosslinking with DCX 
Immediately after casting, the membrane film was fully immersed into a deionised 
water bath at room temperature for phase inversion. The membranes were then kept for 
at least 24 h in a deionised water bath before any post-casting processes were carried 
out. The crosslinking agent, DCX is insoluble in water so a crosslinking solution of 0.2 
M DCX in a acetone/hexane (35/65 v/v%) mixture was used. Acetone served not just to 
dissolve the DCX but also to swell the membrane to facilitate crosslinking. The PAni 
membranes were removed from the deionised water bath and washed with pure acetone 
to remove the water. The membranes were then kept fiilly immersed in the crosslinker 
solution for 6 days. The total volume of crosslinker solution was maintained constant 
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throughout this period. After crosslinking, the membranes were washed and immersed 
in acetone to remove any excess DCX. Before nanofiltration tests were carried out, the 
acid-doped PAni membranes were immersed in a 1 M sodium hydroxide solution of 
water/methanol (50/50 v/v %) for 3 h to fully dedope the acids. As-cast membranes 
were dark green in colour and turned dark blue after dedoping. Afterwards, the 
membranes were washed and immersed in deionised water to remove any excess 
sodium hydroxide. 
Crosslinking with GA 
Immediately after casting, the membrane was fully immersed into a bath of 600 ml 
solution consisting of 50 ml of GA (50 wt.% solution), 50 ml of conc. HCl (12 M) in 
deionised water at room temperature for phase inversion. After 0.5 h, the membrane was 
transferred into a beaker along with the GA bath solution and 400 ml of acetone was 
added to swell the membrane and facilitate crosslinking. 
The final concentration of GA in the crosslinker solution was 0.3 M in acetone/water 
solution (40/60 v/v%) and the concentration of HCl was 0.5 M. Approximately 10 
molar excess of GA (with respect to PAni) was used. The membranes were kept fully 
immersed in the crosslinker solution for 5 days whilst maintaining the total volume of 
crosslinker solution constant. After crosslinking, the membranes were washed and 
immersed in deionised water to remove excess GA and acid from the membrane. Before 
nanofiltration tests could be carried out, the acid-doped PAni membranes were also 
immersed in a 1 M sodium hydroxide solution of water/methanol (50/50 v/v %) for 3 h 
to fully dedope the acids. After dedoping, the membranes were washed and immersed in 
deionised water to remove any excess sodium hydroxide. 
Thermal crosslinking 
The PAni membranes were thermally crosslinked in the oven at 180°C for 1 h using the 
same conditions as those described in Chapter 4. The membranes were dedoped with the 
same sodium hydroxide solution before thermal crosslinking. 
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5.3.4 SEM 
Scanning electron micrographs of thermally crosslinked membranes were recorded 
using a similar procedure and equipment as detailed in Chapter 3. 
5.3.5 Nanofiltration experiments 
Short-term nanofiltration experiments were carried out in dead end modes using SEP A 
ST (Osmonics, USA) nanofiltration cells similar to the one described in Chapter 3. The 
method used for determining flux and MWCO curves was based on oligostyrene test 
solutes described in Chapter 3. All filtration experiments were carried out at 30 x 10^  Pa 
(30 bar) and 20°C. Like before, a simple mass balance was calculated in all cases to 
ensure accurate analysis of permeate and retentate concentrations. Nanofiltration 
performance of membranes in organic solvents was evaluated by the flux and the 
MWCO curve, obtained using the equations stated in Chapter 2 (2-2, 2-3 and 2-4). In all 
experiments, the mass balance for each solute was calculated to be >95%. 
Long-term nanofiltration experiments were carried out in a cross-flow filtration set up 
(Membrane Extraction Technology, UK), with care taken to ensure stability of the 
system seals in more aggressive organic solvents. In these experiments, flux readings 
were only taken after steady-state had been reached. Figure 5.2 shows a schematic 
diagram of the cross-flow setup. This setup could be modified to test filtrations at higher 
temperatures by immersing the feed vessel in a hot bath. All short-term and long-term 
filtration experiments were carried out on membrane coupons 14 cm^ in area. 
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Figure 5.2 Cross-flow setup for long-term continuous membrane testing. 
5.4 Results and Discussion 
5.4.1 Effect of chemical crosslinking on chemical stability 
Immersion test was carried out on non-crosslinked and crosslinked membranes to 
determine their stability in organic solvents. DMF and THF were used as the initial test 
solvents. The uncrosslinked and crosslinked PAni membranes used were both put 
through the dedoping procedure using methanolic NaOH first before immersion tests. 
Since even slight PAni dissolution leads to very obvious colouring of the solution 
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containing a piece of membrane, visual observation was enough to determine if the 
PAni membranes were stable in organic solvents. It was observed that the as-cast 
membranes were unstable in THF and readily disintegrated in DMF. This is 
unsurprising as DMF can be used to dissolve PAni [151]. However, membranes 
crosslinked with GA and DCX were stable in THF and more importantly in DMF as 
well. Although the chemically crosslinked membrane samples swelled, DMF and THF 
did not turn blue (characteristic of instability/dissolution) after 72 h and the membrane 
samples retained their structural integrity. This was good evidence that chemical 
crosslinking did take place when PAni membranes were exposed to both GA and DCX. 
This process of chemical crosslinking increased the chemical stability of the PAni 
membranes. 
5.4.2 SEM characterisation 
The cross-section and magnified detail of PAni are shown Figure 5.3. The stark 
difference in membrane morphology is possibly attributed to the use of non-woven 
polypropylene backing (B and C) in contrast to a membrane cast without any support 
backing (A). Due to the restrictions of thermal crosslinking, polyolefin backing was not 
used in the casting of PAni membranes. As a result, morphologies similar to (A) were 
reported for thermally crosslinked membranes in Chapter 4. These membranes had 
many large macrovoids throughout the membrane under layer, sparsely held together by 
a spongy sub-structure. With the chemical crosslinking process, casting on a 
polypropylene non-woven support became possible and it was surprising that the 
backing material made such a big difference to the membrane morphology. The 
membrane cast on the polyolefin backing had an under layer dominated by spongy 
material interspersed with macropores. The formation of macroporous finger-like 
cavities has long been attributed to the speed of solvent demixing [7, 152]. The 
hydrophobic polyolefin backing could possibly have been a factor in slowing down the 
rate of non-solvent (deionised water) ingress during solvent demixing resulting in 
decreased macrovoid formation. 
Filtration results in the next section will reveal that the differences in membrane 
morphology do affect membrane flux data. Although most commercially available OSN 
membranes are manufactured and cast on support material, the effects of the backing on 
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membrane formation and filtration performance are not well studied. From the 
observations, the backing is important not just as a membrane support but it also has a 
significant effect on membrane morphology and subsequently on membrane 
performance. 
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Figure 5.3 SEM pictures of the cross-section of (A) PAni membranes with no backing -
M4L35, (B) crosslinked with DCX - M5L52 and (C) crosslinked with GA - M7L52, at 
2 OOOX magnification. 
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5.4.3 Membrane performance in various solvents 
Chemically crosslinked PAni membranes were tested in various solutions and using 
oligostyrenes as test solutes to find out if they possessed nanofiltration properties 
similar to thermally crosslinked membranes. Throughout this phase of batch filtration 
testing, pure solvent was permeated through the membranes until a steady state flux was 
reached before commencing with test solution testing. This period of testing typically 
took 0.5 - 1.0 h and in general a flux decline could be observed. However, there was 
very little amount of flux decline for chemically crosslinked membranes normally 
observed in previous thermally crosslinked PAni membranes. This flux decline had 
been attributed to compaction of nanofiltration membranes at high pressures [62]. As 
the filtrations were carried out at 30 bar, thermally crosslinked membranes not cast on 
backing usually undergo compaction at these high pressures leading to an initial phase 
of flux decline. In comparison, the PAni membranes crosslinked chemically and cast on 
polypropylene backing showed only a slight initial flux decline when putting solvent 
through the same batch filtration tests. Figure 5.4 compares the typical flux profile of 
the two membranes. Of note here is the significant flux decline of the thermally 
crosslinked membranes. 
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Figure 5.4 Typical flux profile of initial period for batch filtration testing at 30 bar, 
20°C. Data obtained from thermally crosslinked membrane M10L48, DCX crosslinked 
membrane M1L52 with acetone as solvent. 
Recalling the morphological differences outlined in the previous section leads to the 
possibility that the numerous macrovoids in the membranes cast without backing meant 
a membrane less resistant to compaction. In contrast, the membranes cast on backing 
had a spongy structure more resistant to compaction at high operating pressures. The 
advantage is that membranes more resistant to compaction require much less time and 
use less solvent for achieving steady-state fluxes before they can be useful. 
Nanofiltration curves obtained from OSN testing of PAni membranes crosslinked with 
DCX are shown in Figure 5.5 in comparison to a thermally crosslinked membrane. 
Firstly, these membranes were fully solvent stable in the tested solvents. Similar to 
thermally crosslinked membranes, the rejections of almost all of the test solutes in the 
nanofiltration range were extremely high in acetone and methanol. Also, the pure 
solvent fluxes obtained were generally higher for chemically crosslinked membranes 
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compared to thermally crosslinked ones. The membranes were also very stable in DMF 
which is a harsh polar aprotic solvent and gave good fluxes and nanofiltration 
performance. The DMF flux was found to be 13 L h'^  m"^  on average and the MWCO 
was found to be ~240 g mol'^ The difference in rejection curves between the different 
solvents could possibly be attributed to the degree of swelling of the PAni membrane in 
each solvent. 
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Figure 5.5 OSN performance of maleic acid doped PAni membranes M1L52 
crosslinked with DCX in various organic solvents compared to thermally crosslinked 
M4L35. Tests were conducted at 30 bar and 20°C . 
Figure 5.6 shows the performance curves of GA crosslinked PAni membranes. 
Membranes crosslinked with GA also showed good nanofiltration properties, however it 
was interesting to note that in comparison, the rejection data of membranes crosslinked 
with GA and DCX was consistently slightly dissimilar to one another. This is despite 
the fact that both types of crosslinking were carried out on membranes made in the same 
way using maleic acid as dopant. Once again, the GA crosslinked membranes were very 
stable in the organic solvents tested and gave relatively good pure solvent fluxes in 
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acetone and DMF. DMF flux averaged at 10 L h"' m"^  and the MWCO in DMF was 
-250 g mol - 1 
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Figure 5.6 OSN performance of maleic acid doped PAni membranes M1L54 
crosslinked with GA in various organic solvents at 20°C and 30 bar. 
Membranes crosslinked with two different types of crosslinking agents have shown 
nanofiltration properties albeit with very low MWCO. The membranes also gave 
meaningful fluxes and worked equally well in THF and ethyl acetate. 
5.4.4 Long-term stability of membranes 
Although chemical stability of the PAni membranes after chemical crosslinking had 
been ascertained by immersion testing, long-term nanofiltration performance was 
assessed using a cross-flow setup. PAni membranes crosslinked using DCX and GA 
were first immersed in pure acetone for 1 month. Next the membranes were washed 
with DMF and put through 30 bar filtration for 7 days continuously. Figure 5.7 and 
Figure 5.8 show the rejection curves of DCX and GA crosslinked membranes 
respectively. The filtration solvent used for these tests was DMF. 
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Figure 5.7 DMF crossflow performance curves of PAni membranes M5L52 at 30 bar, 
20°C, crosslinked using DCX over 7 days. 
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Figure 5.8 DMF crossflow performance curves of PAni membranes M7L52 at 30 bar, 
20°C, crosslinked using GA over 7 days. 
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Similar to the rejection curves obtained from batch filtration, the MWCO of both types 
of membranes were very low at about 240 g mor \ Also, the rejection curves of GA 
crosslinked membranes were once again different from DCX crosslinked ones. The 
results from the cross-flow experiments demonstrate the stability of the PAni 
membranes over an extended test period in a harsh polar aprotic solvent whilst showing 
good nanofiltration performances. Fluxes remained very stable throughout the 
experiments. Figure 5.9 summarises the flux data obtained during the 7 days of filtration 
tests. 
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Figure 5.9 DMF fluxes of chemically crosslinked PAni membranes in crossflow 
performance over 7 days. 
In addition to long term cross-flow filtration tests, the PAni membranes were subjected 
to filtration testing in DMF at higher temperatures up to 70°C. PAni has previously been 
shown to be thermally stable up to very high temperatures (~250°C) [153]. PAni 
membranes crosslinked with GA were tested using the same cross-flow apparatus at 
elevated temperatures over 3 days. Figure 5.10 shows the rejection curves of the 
membrane at 20°C, 50°C and 70°C. DMF permeate flux increased by 100% from 20°C 
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to 70°C and only a slight increase in the MWCO could be observed. The membranes 
remain stable in DMF at 70°C providing higher fluxes whilst retaining nanofiltration 
properties. 
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Figure 5.10 DMF crossflow performance curves of PAni membranes M7L52 at various 
temperatures, 30 bar, crosslinked using GA. 
Similar to thermally crosslinked PAni membranes, the chemically crosslinked 
membranes required no fillers or preservatives to maintain the membranes in a dry state. 
As a result, the membranes could be reused after the end of the experiments even after 
they had been dried. Also this meant that the pre-conditioning step to wash out chemical 
fillers or preservatives could be avoided, saving time and solvents. The ease of use of 
the PAni membranes due to the lack of chemical fillers or preservatives is an important 
advantage over many known nanofiltration membranes [43, 58]. 
5.4.5 Effect of crosslinker on nanofiltration properties 
Differences in filtration curves between DCX and GA crosslinked membranes prompted 
an investigation into whether filtration properties were determined by the chemical 
crosslinking or the acid dopant (maleic acid). Membranes were cast from 20 wt. % PAni 
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solution without an organic acid dopant and crosslinked with DCX and GA. Figure 5.11 
shows the results of the membranes put through dead end cell filtration using acetone 
and DMF. 
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Figure 5.11 Nanofiltration performances of membranes M1L65 cast without maleic 
acid crosslinked with DCX and GA performed at 20°C, 30 bar in acetone and DMF. 
Surprisingly, the rejection curves obtained here were similar to ones cast with maleic 
acid which led to the conclusion that acid dopant was not needed to generate porosity in 
the membrane. Maleic acid was required to create porosity when membranes are 
subjected to thermal crosslinking leading to the formation of short bonds between PAni 
chains. In the absence of acid dopant, thermally crosslinked PAni membranes gave no 
solvent fluxes. Chemical crosslinking involved the use of the insertion of aromatic rings 
(for DCX) or straight-chain carbons links (for GA) into the membrane matrix to form 
crosslinks. These insertions were possibly the reason why porosity could be generated 
without the addition of an organic acid. In any case, the presence of HCl in both 
crosslinking mechanisms implies that the maleic acid could have been replaced as the 
acid dopant in the polymer matrix by the much stronger hydrochloric acid. This would 
have rendered it ineffective in inducing porosity in the membrane matrix. It follows that 
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the introduction of bulkier crosslinking insertions into the membrane matrix could 
possibly allow for the tailoring of porosity and control permeation flux and MWCO of 
the membranes. However, bulkier crosslinkers are likely to be less reactive. More 
significantly, there would be an increased mass transport resistance to the introduction 
of bulkier molecules into the membrane. Already, it has been found that for the chosen 
crosslinkers, the membrane had to be swelled in acetone, molar excess of crosslinkers 
used and long times were required for sufficient crosslinking (leading to complete 
chemical resistance) to take place. Steric factors and mass transport limitations are 
likely to hinder this line of further research. 
5.4.6 Membrane pore size and pore size distribution from modelling 
The success of inducing porosity in solvent stable PAni membranes using chemical 
crosslinking could be seen from the point of view of high rejections of nano-sized test 
solutes. However, thus far, researchers have been unable to directly quantify or measure 
pore sizes due to difficulties in observing nanopores. Recent studies have introduced 
some promising techniques to quantify nanopores using liquid-liquid displacement 
porosimetry [154, 155], which make use of the Cantor equation. Imaging technology 
using positron annihilation lifetime spectroscopy (PALS) has also been shown to be 
useful for calculating pore sizes in nanofiltration membranes [156, 157]. It is not clear 
currently, how accurate PALS can be in relating calculated pore sizes to experimental 
nanofiltration rejection values [158]. However, pore size analysis can still be carried out 
using modelling tools. Models of uncharged solute rejection in nanofiltration 
membranes are generally based on the hydrodynamic model proposed by Ferry [159]. In 
such a model, the pores are modelled as a bundle of straight cylindrical pores. Transport 
through these pores is then corrected for hindered convection and diffusion due to 
solute-membrane interactions. A detailed treatment of the effect of viscosity and solute 
size on nanofiltration performance has been well described by Bowen and Welfoot for 
both charged and uncharged solutes [160]. The pore flow model has been shown to 
work well for studies on nanofiltration membranes and has been widely used in the 
literature [146, 161, 162]. The analysis here will adopt the pore-flow model using a log-
normal probability density function to describe pore size distributions in the PAni 
membranes as described by Bowen and Welfoot [163]. Derivation of the equations used 
here will be detailed in Appendix A. 
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Using experimental rejection values from Figure 5.5 and Figure 5.7, the mean pore size 
r*, and the standard deviation o*, were estimated and compared. Here it must be noted 
that due to the limited number of relevant experimental data points, pore size 
distribution values obtained from modelling results are most assuredly imprecise. This 
is especially so where liberties have been taken for assumptions in the lower portions of 
the rejection S-shaped curve. Nonetheless, the values obtained from the modelling 
exercise are usefiil in a qualitative assessment of the different pore size distributions of 
the various PAni membranes. 
Figure 5.12 plots the probability density functions of pore size using experimental 
rejection data. Firstly, due to the high rejections of most test species, predicted pore 
sizes in these membranes were very low. Mean pore size in DMF was 1.06 nm in 
diameter whilst mean pore size in acetone was 0.76 nm. Also, the pores in the 
membrane can be said to of very similar sizes due to very low standard deviation values. 
Calculated standard deviation values were all one magnitude smaller than predicted 
mean pore sizes. As mentioned earlier, the truncation is not noticeable and is irrelevant 
due to the very low a* values. The lack of pore size variation could be attributed to the 
way in which nanoporosity was induced in these membranes. Unlike most polymeric 
membranes where the nanoporosity is based on the inherent polymer arrangement in the 
membrane matrix, the nanofiltration properties in PAni membranes were dependent on 
addition of maleic acid (for thermal crosslinking) or on the type of chemical crosslinker. 
Therefore, it is concluded that the porosity generated is relatively uniform. 
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Figure 5.12 Probability function curves of membranes crosslinked by different 
crosslinkers in different solvents. 
Dependence on the type of chemical crosslinker is also evident from Figure 5.12. 
Consistently, it has been found that the PAni membranes gave slightly different 
rejection curves depending on the type of chemical crosslinker used. The GA 
crosslinked membranes always gave lower rejections as compared to DCX crosslinked 
membranes. This can be more clearly seen when comparing the probability density 
function curves in DMF. Estimation of the r* and o* for both membranes showed that 
both had similar r* values of 0.53 nm and 0.54 nm for DCX and GA crosslinked 
membranes respectively. However, GA crosslinked membranes had a standard 
deviation value twice that of DCX crosslinked membranes. The greater variability in 
pore sizes for GA crosslinked membranes could be due to the structure of the crosslinks. 
After the crosslinking reaction, the crosslinks left behind when DCX was used were 
rigid and inflexible aromatic structures. In contrast, the crosslinks formed after GA was 
used were straight-chain alkanes which are relatively more flexible. Thus, although r* 
was similar due to the similarly-sized crosslinks, the more flexible crosslinks as a result 
of GA crosslinking, led to bigger variability in pore sizes. 
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Comparing the use of DMF as solvent to the other organic solvents (acetone in this 
case), pore sizes increased. Even though the membrane used was identical, predicted 
mean pore diameter when acetone was used as solvent was calculated to be 0.76 nm. In 
the study of non-aqueous nanofiltration, many researchers have found that solute 
rejection was dependent on the solvent system [56, 60, 76]. Studies have been 
performed on analysing how solvent-membrane interactions influence nanofiltration 
rejection. One factor looked at for PAni membranes has been membrane swelling. The 
relationship between polymeric membrane swelling and solute rejection has been well 
studied [63] and as mentioned in Chapter 4, the greater the similarity between 6pAni and 
Ssoivent, the greater the affinity, swelling and the lower the membrane rejection. In 
comparing the solubility parameters, 5dmf (24.7 MPa°'^) is certainly closer to 5pAni (23.8 
MPa°'^) than 5acetone (20.3 MPa°'^). A simple size-gain measurement was conducted 
similar to the one in Chapter 4 and determined that PAni membrane swelling in DMF 
was 13.7% compared to that of 6.6% in acetone. Although the size increase method 
could be inaccurate due to the volatility of solvents, qualitatively, it could be inferred 
that much higher swelling of PAni in DMF possibly led to lower rejections. This trend 
has also been noted in other nanofiltration membranes by Tarleton et al. [124], where 
they found that rejection data of their PDMS membranes decreased for solvents with the 
greatest swelling. They postulate that polymer chains move further apart during 
swelling to allow a greater free volume in the membrane structure resulting in lower 
rejections [164]. This is a likely reason for the trend observed in the analysis. 
5.5 Conclusions 
Chemically crosslinked intrinsically-skinned asymmetric fiat-sheet membranes were 
made from PAni using two different crosslinkers DCX and GA. The ability to cast these 
membranes on commercial polyolefm backing resulted in more spongy and less 
macroporous membranes. The chemically crosslinked PAni membranes seem to 
compact less and reached steady state solvent fluxes faster than membranes cast without 
backing. The membranes fabricated fi-om these methods showed good chemical stability 
to a range of organic solvents including acetone, methanol, THF and DMF. These 
membranes also gave good solvent fluxes whilst maintaining a very low MWCO. Long 
periods of exposure to organic solvents and continuous filtration in DMF showed that 
the membranes had long-term chemical stability in harsh polar aprotic solvents. 
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Nanofiltration rejection remained high even when experiments were conducted at higher 
temperatures of up to 70°C whilst solvent flux increased. Acid dopants that were needed 
previously for thermally crosslinked membranes were found to be redundant when the 
membranes were crosslinked by DCX and GA, possibly due to the porosity induced by 
the insertion of the crosslinking molecules. It can be concluded that the crosslinking 
step is integral in conferring chemical stability and nanofiltration properties to the PAni 
membranes. 
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6. Scale-up of PAni OSN Membranes 
6.1 Abstract 
In the previous chapters, methods for producing useful OSN PAni membranes were 
developed. These membranes were manufactured and tested at the laboratory scale 
using simple flat-sheet morphologies. To make the membranes commercially useful, a 
study of the feasibility of scaling-up PAni membranes is important. In this chapter, two 
different routes of membrane configuration scale-up have been explored; the spiral-
wound membrane element and hollow fibres. PAni membranes were successfully 
manufactured in both configurations. Further nanofiltration testing of these two 
configurations showed that the membranes retained their OSN properties giving high 
rejections of all test solutes. Detailed steps of membrane scale-up are described here and 
both methods of chemical and thermal crosslinking were applied to make these 
modules. Spiral-wound modules performed well in various solvents from acetone to 
DMF and could be operated at elevated temperatures. PAni hollow fibres gave good 
solvent fluxes and performed well at low pressures. 
Parts of this chapter have been published in: 
X.X. Loh, S. Malladi, J.H.G. Steinke, A.G. Livingston, A. Bismarck, K. Li, Chem. 
Commun. 47 (2008) 6324. 
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6.2 Introduction 
The largest known utilisation of organic solvent nanofiltration at present is the MAX-
DEW AX process at Mobil's Beaumont, Texas refinery [2]. Currently, commercially 
available membranes have certain performance limitations and are not resistant to many 
organic solvents especially harsh polar aprotic solvents [56, 60]. Recently though, 
researchers have extended the use of these membranes to even harsh polar aprotic 
solvents. Polyimide membranes crosslinked with diamines and modified polypyrrole 
have been shown to be stable in DMF [43, 144, 165]. Although many of these newly 
developed membranes have been an improvement over commercial membranes in terms 
of chemical stability, filtration studies and membrane fabrication methods have been 
limited to the laboratory-scale. Whilst scientifically interesting, the commercial viability 
of these membranes are overlooked without further testing them in configurations that 
could be scaled for commercial use. After membrane development, transition beyond 
the laboratory-scale requires scale-up of the casting procedure and conversion of the 
large areas of membrane into useful modules housing these large areas of membrane in 
the smallest possible volumes. Commercially available membranes are most popularly 
supplied in two primary forms, flat-sheets and tubular. Typically for flat-sheet 
membranes, plate and firame and spiral-wound configurations allows for a large 
membrane area in a low-volume module. Tubular membranes consist of hollow fibre 
and capillary membrane. Figure 6.1 illustrates the two main configurations. 
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Figure 6.1 Schematic of (top) plate-and-frame, spiral-wound and (bottom) hollow fibre 
modules, function and design [7]. 
A summary of the salient characteristics related to membranes processes for each 
module design is presented in Table 6.1. The hollow fibre configuration is clearly able 
to achieve the highest packing densities. However, these modules foul easily and are 
typically difficult to clean. Plate and frame configurations are used in processes where 
fouling is a critical issue as they can be easily cleaned. Commercially, the spiral-wound 
and hollow fibre configurations are preferred primarily due to cost. This is of course in 
turn related to the packing density. 
Table 6.1 Characteristics of various membrane scale-up configurations[166]. 
Configuration 
Plate and 
frame 
Spiral-
wound 
Tubular 
Hollow 
fibre 
Packing density (m^ m'^ ) 30-500 200-800 30-200 500-9000 
Resistance to fouling Good Moderate Very good Poor 
Ease of cleaning Good Moderate Very good Poor 
Relative cost High Low High Low 
A spiral-wound module is composed of a membrane leaf which is sandwiched between 
feed spacers on the active side of the membrane and permeate spacers on the surface of 
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the non-woven backing. The leaf is wrapped around a central perforated permeate tube 
and glued into place using an epoxy adhesive. The module is then packed into a 
pressure vessel that acts as membrane housing. During operation, the feed is fed axially 
and enters the unobstructed feed channels. The permeate stream is enclosed within the 
permeate envelope and flows radially into the permeate tube which can then be 
collected. For hollow fibres, depending on where the active layer is situated, the process 
streams can be fed into the tube-side or shell-side. When the feed enters in the shell-side 
baffles could be used to channel the flow in the module. The hollow fibre module 
design would be structurally similar to a shell and tube heat exchanger. 
In the previous two chapters, it has been shown that PAni could be used as a material 
for preparing intrinsically skinned asymmetric nanofiltration membranes. The 
nanofiltration experiments conducted show that these membranes had very low MWCO 
of about 150 - 250 g mol"' with good solvent fluxes. The PAni membranes show 
promise for possible use in solvent exchange applications and require no use of 
preservatives in storage and can be reused again even after drying. PAni membranes 
cast on non-woven backing are strong and can be easily handled. Furthermore, the 
method for polymer synthesis from its monomer is uncomplicated [108]. These factors 
facilitate scale-up in terms of membrane fabrication and spiral-wound module 
manufacture. In this chapter, procedures for spiral-wound and hollow fibre module 
manufacture of PAni nanofiltration membranes will be described. For crosslinking, two 
methods were investigated for spiral-wound module making; GA crosslinking and 
thermal treatment. For hollow fibres, only thermal crosslinking was studied. PAni 
membranes in both configurations were stable in many organic solvents such as 
acetone, THF and DMF and were then put through filtration experiments to obtain 
nanofiltration performance curves. The spiral-wound modules were also put though 
DMF filtrations conducted at elevated temperatures to study module stability at these 
higher temperatures. 
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6.3 Experimental 
6.3.1 Materials 
Materials used for PAni synthesis and solvents used for membrane fabrication as well as 
nanofiltration testing are similar to those presented in Chapter 3. 
6.3.2 Flat-sheet membrane casting 
To have enough membrane for spiral-wound module manufacture, large areas of PAni 
must be cast from a continuous casting process. Figure 6.2 shows the schematic of the 
continuous casting equipment used. For the dope solution, typically, 60 g of PAni was 
added to a solution of NMP and 4MP to make up to 16.7 wt.%. This solution was 
mechanically stirred for 4 h followed by the slow addition of 30 g of maleic acid. This 
solution was then stirred for another 12 h before it was left to degas for 6 h. Casting was 
performed at 21°C and water at 20°C was used as the coagulation agent. The backing 
material used was polypropylene non-woven backing (Novatexx 2471, Freudenberg 
Group). Knife height in the dope solution trough was set to 250 ^m and the speed of 
casting was fixed at 0.02 m s'\, This speed was used to mirror the speeds found in 
bench-top casting that was used in the previous chapters. The dimension of the PAni 
membrane made from this solution was approximately 6.0 m by 0.3 m. On average, the 
amount of polymer used per area of membrane was 31.8 g m'^. After casting, the 
membrane was rolled up loosely and left immersed in water for at least 24 h. 
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Figure 6.2 Schematic for continuous flat-sheet casting. 
6.3.3 Dry wet hollow fibre spinning 
For the dope solution, typically, 30 g of PAni was added to a solution of NMP and 4MP 
to make up to 16.7 wt.%. This solution was mechanically stirred for 4 h followed by the 
slow addition of 15 g of maleic acid. This solution was then stirred for another 12 h 
before it was left to degas for 6 h. The degassed PAni solution was transferred to a 
stainless steel reservoir and pressurised to 1.4 ± 0.2 bar using pure nitrogen. A tube-in-
orifice spinneret with orifice diameter/inner diameter of the tube of 2.0/1.0 mm was 
used to obtain hollow fibre membranes. Water at 20°C was used as both internal and 
external coagulant for all spinning runs. The hollow fibres were passed through and 
immersed in a water bath for at least 24 h to complete the solidification process. Figure 
6.3 and Table 6.2 illustrates the spinning apparatus and lists the spinning conditions 
used. 
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Figure 6.3 Diagram of equipment setup used for spinning of hollow fibres [37]. 
Table 6.2 Parameters used for preparing PAni OSN hollow fibres. 
Spinning Parameters 
PAni concentration (wt%) 16.7 
Dope solution viscosity (cP) 31 000 
Internal coagulant temperature (°C) 20 
Internal coagulant flow rate (ml.min"*) 1 
Coagulation bath temperature (°C) 20 
Nitrogen pressure (bar) 1.4 
Air gap (cm) 20 
Extrusion rate (m.min"') 5 
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6.3.4 Membrane crosslinking 
For chemical crosslinking, the spiral-wound membranes were made solvent stable using 
GA. The crosslinker solution was made by adding 84 ml of glutaraldehyde into a 40:60 
acetone/water (v/v%) solution. This was calculated to be approximately 12 molar excess 
of the PAni in a 3 m length of membrane. To this solution, 50 ml of concentrated HCl 
(37 wt.%) was added as a catalyst. For each module, 3 m of membrane was immersed in 
1200 ml of crosslinker solution and stirred well for 6 days. After crosslinking, the 
module was washed well with water and immersed in water for 24 h. Since the PAni 
was still doped at this stage, the module was put into a 1 M, 50:50 water/methanol 
(v/v%) sodium hydroxide solution for 3 h to completely dedope the membrane [139]. 
After dedoping, the membrane was once again washed in water and then kept immersed 
in water. To attempt to change the degree of crosslinking, a higher concentration of GA 
was also used. This crosslinker solution contained 24 molar excess of PAni. 
For thermal crosslinking, the membranes were first dedoped using a 1 M, 50:50 
water/methanol (v/v%) sodium hydroxide solution for 3 h. The spiral wound module 
was then manufactured first and details of this step are described in the next section 
6.3.5. After manufacture, the epoxy was first cured. After this curing step, the module 
was heated up to 180°C and then crosslinked for 2 h instead of 1 h. This was to ensure 
that the inner sections of the module were adequately crosslinked. This precaution was 
based on results obtained in Chapter 4, showing that with inadequate PAni crosslinking, 
the membrane would not be completely solvent stable. 
For hollow fibres, only thermally crosslinked fibres were tested. The hollow fibres were 
completely dried in air before thermal treatment of 180°C for 1 h. Hollow fibre modules 
were manufactured only after the fibres were thermally treated. 
6.3.5 PAni spiral wound module manufacture 
Figure 6.1 illustrates the schematic for the spiral-would module design. Since the 
membrane module would be put through harsh organic solvents, all materials in 
addition to the membrane used had to be solvent resistant as well. The membrane was 
taken out of water and air-dried before module manufacture. The permeate tube used 
was % inch stainless steel piping 0.4 m long. Each spiral-wound module required about 
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3.0 m by 0.3 m of membrane area. To roll the module, a rolling machine (Spiral 
Assembly Systems, USA) was used. For feed and permeate spacers, polypropylene was 
used for GA chemical crosslinking and polyester was used for thermal crosslinking. A 
solvent resistant epoxy resin was used for ensuring all components adhered well to the 
permeate tube. Stainless steel anti-telescoping end caps were then affixed before curing 
of the epoxy. To ensure that the epoxy was fully cured, the modules were put into a 
75°C oven for 12 h. The final rolled modules were approximately 1.8 inch diameter 
each. 
6.3.6 SEM 
Scanning electron micrographs of thermally crosslinked membranes were recorded 
using a similar procedure and equipment as detailed in Chapter 3. Since flat-sheet 
membranes used for making spiral-wound modules were identical to those in Chapter 5, 
the SEM pictures presented in this chapter will only be of the PAni hollow fibres. 
6.3.7 Filtration testing procedure 
The spiral-wound module nanofiltration experiments were carried out in a filtration 
setup as shown in Figure 6.4 (Membrane Extraction Technology, UK). The end-caps 
were sealed using teflon 0-rings before testing. The modules were tested continuously 
with pure solvents before oligostyrene markers were used to test in the nanofiltration 
range of 200 - 1000 g mol"'. Filtration testing was normally conducted at 30 bar and at 
30°C. For testing at elevated temperatures, a separate heater comprising of a Techne 
TE-IOD immersion circulator, was added to the existing setup via a heat exchanger 
loop. 
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Figure 6.4 Nanofiltration testing setup for continuous filtration. 
For hollow fibres, the same setup was utilised where a hollow fibre module was used in 
place of the spiral wound module. Test solution was fed in tube-side while permeate 
was collected on the shell-side. 
In order to assess membrane performances, the fluxes and the rejection curves for each 
membrane were obtained using a method employing a homologous series of styrene 
oligomers as described in Chapter 3. Solvent flux and rejection were calculated using 
the same equations (Eqn. 2-2 and Eqn. 2-3). 
6.4 Results and Discussion 
6.4.1 Membrane morphology 
SEM pictures of the flat-sheet PAni membranes cast show a typical intrinsically-
skinned asymmetric membrane formed from phase inversion similar to those seen in 
Figure 5.3. Figure 6.5 shows the SEM images of the cross-section of a sample of PAni 
hollow fibre. These fibres possess a typical asymmetric structure familiar to flat-sheet 
membranes. The fibres were on average 2.5 mm in diameter (OD) and as a whole, had a 
spongy sub-structure with macropores near both the inner and outer surfaces. Although 
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there were many macropores, a distinct top dense layer can be seen at both the surfaces 
and it can be seen that the membrane under layer was predominantly spongy with a few 
large macrovoids. This structure was consistent with the formation procedure of phase 
inversion. Since the fibres were doped throughout with maleic acid, the presence of a 
dense layer on both surfaces meant that tube-side and shell-side feed were both 
plausible. 
2 0 k U 
2 0 k U 
Figure 6.5 SEM pictures of PAni hollow fibre membranes at 55X (top) and 300X 
(bottom) magnification. 
138 
Chapter 6: Scale-up of PAni OSN Membranes 
6.4.2 Spiral-wound module nanofiltration testing 
Figure 6.6 ,hows the spiral-wound module after manufacture before nano filtration 
testing. As mentioned earlier, the performance of modules were tested with pure solvent 
before switching to the oligostyrene test markers. Acetone was the first solvent to be 
tested. From previous results discussed in Chapter 5, the PAni membranes gave very 
high rejections for all test solutes in the nanofiltration range. This remained unchanged 
in the spiral-wound module tests. Figure 6.7 shows that over six days of testing, the 
membrane gave extremely high rejections (>98%) of all test solutes. The peculiarity of 
the membrane giving 100% rejection of the 300 g mol'^  test solute can be attributed to 
the errors due to the very low concentrations of this particular test marker in the feed. 
Over this period, each day, the entire filtration test was depressurised at the end of 12 h 
of testing and pressurised again the following day. Thus, six cycles of pressurisation and 
depressurisation were carried out to check for the robustness of the modules. Separation 
performance was maintained over the six days v^th stable acetone permeate fluxes of 17 
L h"' m"l 
Figure 6.6 Picture of PAni spiral-wound module. 
sJ 
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Figure 6.7 Nanofiltration performance of spiral-wound module over 6 days in acetone 
at 30 bar, 30°C. 
After testing with acetone, the module was next tested with a harsher solvent THF. A 
thorough solvent wash and swap was performed before pure THF solvent was put 
through the module for a day to allow for steady state fluxes to be achieved. Pure THF 
flux was measured at 6 L h"^  m'^. Next the membrane was once again tested with 
oligostyrene test solutes for a total of four days. Preliminary tests performed using dead 
end cell tests showed that the PAni membranes also gave very high rejections of the test 
solutes in THF. This performance was reproduced in the membrane module testing, 
shown in Figure 6.8. From the results, it can be seen that once again, the membrane 
rejects > 98% of all the test solutes. Like before, the pressurisation cycle was repeated 
over the four days. The acetone permeate flux during this period was found to be stable 
at 5 L h"^  m"^ . The lower THF fluxes could be due to the fact that the membrane swelled 
less in THF than acetone and THF is also larger than acetone (72 g mol"' compared to 
58 g mol"'). Once again, the high rejections of the first two points were attributed to the 
use of lower concentrations of the two solutes. 
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Figure 6.8 Nanofiltration performance of spiral-wound module over 4 days in THF at 
30 bar, 30°C. 
Previously, the PAni membranes were crosslinked at a much smaller scale in Chapter 5 
compared to this study. The effectiveness of chemical crosslinking was therefore tested 
by switching the solvent tested from THF to DMF. Similarly, the filtration system and 
module were flushed thoroughly with DMF before pure DMF filtration tests were 
conducted. Pure DMF solvent flux obtained through the PAni module was 12 L h"^  m"^ . 
This was very similar to previously tested flat-sheet PAni membranes crosslinked using 
GA which were found to be stable in DMF and gave equally good permeate fluxes. The 
MWCO of the flat-sheet membranes was found to be approximately 250 g mol"'. 
Performance of the PAni spiral-wound membrane module was tested in DMF for two 
days. The MWCO of the module was found to be about 300 g mol"', which 
corresponded well with the previous data. Compared to THF, DMF had a higher flux of 
12 L h"' m'^  during this period of testing. Typically, the PAni membranes swell more in 
DMF compared to THF and acetone and this could possibly be the reason for the higher 
fluxes. 
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Since DMF has a much higher boiling point compared to THF or acetone, I was able to 
conduct filtration experiments at elevated temperatures in DMF. Figure 6.9 presents the 
performance of the spiral-wound module at 30°C, 40°C and 65°C. For each 
temperature, the module was tested over two days and two pressurisation cycles. A shift 
in the MWCO from 300 g mol"' to 500 g mol'^  was observed and there was good 
reproducibility in the nanofiltration curves obtained for each temperature. Although 
previously conducted experiments in Chapter 5 showed that the performance curve does 
seem to depress at higher temperatures, the shift was not as large as seen in Figure 6.9. 
The increase in MWCO due to a temperature increase could possibly be attributed to the 
increased PAni polymer chain mobility at higher temperatures. Figure 6.10 plots the 
permeate fluxes measured at each temperature. Although there was a 150% increase in 
flux fi-om 30°C to 50°C, there was a slight decrease going from 50°C to 65°C. The 
module gave a constant permeate flux even during high temperature operations in DMF 
certifying that its nanofiltration properties remained stable. These membranes could be 
expected to be stable even at higher temperatures of up to 150°C. 
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Figure 6.9 Nanofiltration performance of spiral-wound module in DMF, 30 bar 
operation at different system temperatures. 
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Figure 6.10 DMF flux through the spiral-wound module as a function of system 
operating temperature at 30 bar pressure. 
By using a more concentrated crosslinker solution of 24 molar excess, a spiral-wound 
module was manufactured and tested. Once again, tests conducted in acetone gave 
100% rejection for all the test solutes. The permeate flux was found to be 14 L h'^  m'^  in 
this case. This result showed that PAni membranes could be manufactured into useful 
spiral-wound modules giving high MWCO. Further PAni modules made have worked 
equally well. This provided further evidence for the reproducibility of chemically 
crosslinked PAni membranes. 
An interesting phenomenon observed at the very beginning of testing each module was 
the large initial permeate fluxes. This was followed by a period of rapid decrease in flux 
until steady state was reached. Figure 6.11 plots the decline in flux over this initial 
period. Although membranes crosslinked with only 12 molar excess seem to have a 
larger decline, both modules eventually attained similar steady state flux values. This 
large decline in flux can be possibly attributed to compaction of the membranes. The 
significant decline was not observed in previous laboratory-scale tests due to the much 
smaller areas of membrane being tested. 
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Figure 6.11 Initial flux decline for two separate spiral-wound modules in pure acetone, 
30 bar 30°C. 
PAni modules made using the thermal crosslinking method were tested only in acetone. 
No initial flux decline was observed. This is possibly because the morphology of 
thermally crosslinked PAni membrane was expected to be denser, thus lesser 
compaction could occur. This was also reflected in the much lower fluxes obtained from 
the thermally crosslinked module. Acetone flux through the module was on average 
very low at 4.4 L h"' m"^ . From previous chapters, thermally crosslinked PAni 
membranes typically gave lower fluxes than membranes crosslinked using chemical 
means such as GA. Furthermore, although only 1 h of thermal treatment is adequate for 
laboratory scale flat-sheet membranes, the module in this case was put through 2 h of 
thermal treatment in order to ensure complete crosslinking. The extended period of 
crosslinking could have been one of the reasons for such low recorded fluxes. In 
Chapter 4, it has been shown that increased thermal crosslinking time leads to decreased 
fluxes. Optimisation of thermal crosslinking time for spiral-wound modules will most 
likely lead to increased solvent fluxes. Figure 6.12 shows the nanofiltration performance 
of a thermally crosslinked PAni module. Although rejections of all test solutes were 
very high -96%, a slight leak was suspected to have developed in the module as close to 
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100% rejection was expected. One possible cause for this leak could be due to the epoxy 
in the module. After 2 h at 180°C, the epoxy turned from white to yellow signifying that 
oxidation had taken place. This oxidation could have led to deterioration of the epoxy in 
certain parts within the module resulting in small leaks developing. Once again, 
optimisation of thermal crosslinking, by decreasing the time of exposure to heat, could 
prevent this from happening. Regardless of the leaks, the modules crosslinked at 180°C 
still gave good nanofiltration results and validated the use of thermal crosslinking as a 
route to spiral-wound membrane module manufacture. 
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Figure 6.12 Nanofiltration performance of thermally crosslinked module over 2 days 
testing period in acetone. 
6.4.3 Hollow fibre nanofiltration testing 
Figure 6.13 shows the nanofiltration performance curves of PAni hollow fibres tested in 
acetone. Similar to fiat-sheet membranes, the hollow fibres gave high rejections of most 
species in the nanofiltration range of 200 - 1000 g mol"' and had a MWCO of 
approximately 350 g mol"'. Pure acetone fluxes through these hollow fibres were high at 
9 L h"' m"^ . This flux was considered very high considering the operating pressure was 
only 6 bar. Typically, testing of fiat-sheet PAni nanofiltration membranes was 
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conducted at 30 bar pressure. At these high pressures, the hollow fibres would be 
expected to compact more, likely resulting in higher rejections for the oligostyrene test 
solutes. For each test, 4 x 25 cm long fibres were housed in each module and sealed 
with epoxy. Preliminary testing showed that the fibres also gave nanofiltration 
properties when the test solution was fed shell-side. However, due to the experimental 
setup, complete results presented here were obtained using tube-side feed. 
c 
0 
1 I 
100 
9 0 -
80 -
70 -
60 
5 0 
4 0 
30 -
2 0 -
10 -
Pure Acetone Flux: 9 .2 L h'^ m"^ 
Pure Acetone Flux: 8 .8 L h'^ m'^ 
- r - r 
0 100 2 0 0 300 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1000 1100 1200 
Molecular Weight (g mol"^) 
Figure 6.13 Hollow fibres filtration performance in acetone at 6 bar, 30°C. 
Immersion testing in other solvents such as THF and DMF showed that the hollow 
fibres were stable in these solvents. However, no nanofiltration testing on hollow fibres 
was conducted in THF or DMF. Currently, work is in progress to obtain nanofiltration 
testing results in solvents other than acetone. Here it must be mentioned that the PAni 
hollow fibres contained defects in some sections due to the existence of PAni that had 
gelled up due to localised gelation in the spinning dope solution. Although these 
sections would not normally affect nanofiltration properties, bursts commonly occurred 
at these sections. Although localised gelation also afflicted the large-scale casting of 
flat-sheet PAni membranes, the casting knife effectively limits these defects almost 
exclusively to the end portions. These portions were then removed before spiral-wound 
module manufacture. In practice, such gelation could be mitigated during dope solution 
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making by a very slow addition of the PAni powder into the NMP/4MP solution for 
dissolution at high stirring speeds. However, this is difficult to prevent especially when 
making up solutions of large volumes. Thus greater care has to be taken during the 
solution making step for spinning hollow fibres. 
6.5 Conclusions 
Two methods of PAni membrane configuration scale-up were studied in this Chapter. 
Hollow fibres and spiral-wound modules were successfully manufactured using PAni 
nanofiltration membranes. Scale-up from the laboratory bench caster to continuous 
casting allowed the casting of large areas of membrane required for spiral-wound 
membrane modules. The membranes were then made solvent-stable using 
glutaraldehyde as a chemical crosslinker. These spiral-wound membrane modules gave 
a very low MWCO in acetone and THF, highly rejecting all the test solutes. The 
membranes were also stable in DMF giving a MWCO of 300 g mol"'. Further testing 
showed the membranes to be stable at elevated operating temperatures in DMF. The 
stability of the modules was shown through long-term filtration testing and repeated 
pressurisation cycles. Tests conducted show that the PAni module could be easily used 
and reused in different organic solvents. The membrane modules could also easily be 
reused even after they had been dried out. PAni hollow fibres that were spun also gave 
good fluxes and high rejections in acetone. Hollow fibre modules allow for large 
membrane areas in small volumes and are another attractive form of membrane scale-
up. The methods to manufacture PAni spiral-wound membrane modules and hollow 
fibres are easy to adopt and reproduce. Therefore, there exists a possibility and potential 
in further membrane configuration scale-up to the industrial scale for commercial 
applications. 
147 
Chapter 7 
7. General Conclusions and Future Work 
OSN is an emerging technology with new applications constantly being reported in the 
literature. Researchers are working on new methods of membrane fabrication and new 
materials. In this thesis, a strategy using acid doping and dedoping was developed for 
inducing nanoporosity in otherwise dense PAni membranes. This is in contrast to 
typical OSN membranes which are dependent on the intrinsic structural packing of the 
polymer during membrane formation for nanofiltration properties. In addition to being a 
novel method, because nanoporosity was created via use 'pore-formers', the membranes 
possessed narrow pore size distributions. Furthermore, since these PAni membranes 
were intrinsically dense, the membranes' structure did not collapse after being dried out. 
Beyond the successful demonstration of this acid doping/dedoping strategy, a scale-up 
feasibility study was conducted. Scaling-up studies included the successful manufacture 
of PAni flat-sheet membranes into spiral-wound configurations and the spinning of 
PAni hollow fibres. Both scale-up configurations had similar nanofiltration properties to 
laboratory scale-studies. Due to its very low MWCO, PAni membranes have the 
potential to be used for operations requiring high membrane rejections such as solvent 
exchange processes. 
Here, a concise chapter summary will be presented starting fr-om Chapter 3. 
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Chapter 3 - PAni Synthesis, Membrane Fabrication and OSN Characterisation 
In order to study the feasibility of the initial strategy proposed, foundations were laid for 
PAni synthesis, membrane manufacture and a standardised nanofiltration testing method 
that was found lacking for OSN membranes. Although control over PAni molecular 
weight could be determined by the synthesis temperature, it was not possible to control 
the polydispersity of molecular weights. An average polydispersity of 5.19 indicated 
quite a large distribution of molecular weights. In nanofiltration testing, even though 
polymer crosslinking could render the membranes chemically-stable, it was found that 
some low molecular weight polymer that was incorporated into the membrane tend to 
wash out initially during solvent filtration. Although the amount of low molecular 
weight PAni was very low, they would dissolve easily in organic solvents. As a result, 
during filtrations, the initial period is often coloured light brown with low molecular 
weight PAni. In the future, so as to mitigate this problem, the synthesized PAni should 
be washed more thoroughly in acetone to remove low molecular weight oligomers. So 
as to conserve solvent, a soxhlet operation might be required to completely eliminate the 
soluble low molecular weight PAni. 
In PAni membrane fabrication, the use of gel inhibitors using diamines was unavoidable 
in making concentrated homogeneous PAni solutions. Diamines were found to degrade 
the polymer after addition over time, thus limiting the amount of time that could be 
spent on the entire PAni membrane fabrication process. This window of processibility 
however, was adequate for casting PAni membranes with intrinsically skiimed 
asymmetric structures. 
The development of a standardised OSN testing method using oligostyrenes proved to 
be a very useful tool. In addition to the ease and speed of analysis, the oligostyrene test 
gave a comprehensive description of the performance of the membranes in the 
nanofiltration range. This method, at the time of writing, is utilized daily by those 
involved in OSN studies in our laboratories. Although the oligostyrenes are expensive, 
the use of a standard method allows for comparison between different OSN membranes. 
At the practical level, membrane end-users will always request for a test of their target 
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solute but initially, the choice of membranes would be much facilitated if a standard 
method is used for characterisation. 
Chapter 4 - Doped PAni Membranes for Use in OSN 
In this chapter, the strategy of using acids in doping/dedoping PAni membranes were 
carried out in organic solvents to test for OSN properties. Solvent stability was achieved 
by thermally crosslinking the PAni membranes. Thermally crosslinked PAni 
membranes were shown to possess good nanofiltration properties. Disadvantages of 
these membranes were that solvent permeate fluxes were low and some larger solvent 
molecules recorded no fluxes through these membranes. In terms of mechanical 
strength, these membranes were brittle and casting on backing for support was limited 
to heat stable backing materials such as polyesters due to the high temperatures required 
for thermal crosslinking of PAni. During thermal treatment, shrinking could also be 
seen in the membranes. However, thermal crosslinking provided a simple, fast and 
economic way to stabilise the PAni membranes. Thermal treatment was shown to be 
effective in ensuring that the PAni membranes were solvent-stable. Characterisation 
showed the onset of thermal crosslinking to be about 150°C and it was shown that 
thermal treatment for 1 h at 180°C was enough to render the membranes solvent-stable. 
These membranes were stable in many organic solvents including DMF and NMP (but 
exhibiting no permeate fluxes for these two solvents). 
Nanoporosity in PAni membranes was shown to be induced by the doping and dedoping 
of organic acids as membranes cast without acid doping never resulted in useful 
membranes. The hypothesis remains that the counterion incorporated into the membrane 
matrix left behind 'pores' after acid removal. Many acids were shown to be useful for 
the doping process and maleic acid was found to be an easy acid dopant to work with. 
Nanofiltration tests showed that these PAni membranes gave very low MWCO of about 
150 - 250 g mol"' in methanol. Membranes cast with and without backing were shown 
to work equally well. One major advantage of these PAni membranes is the retention of 
it nanofiltration properties at elevated temperatures. Experiments conducted at 70°C 
showed increased solvent fluxes whilst maintaining high solute rejections. These 
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membranes could potentially be used at even higher temperatures since they were 
already thermally treated at 180°C. 
The list of acids that was tested in this chapter is not exhaustive and there are potentially 
more acids that could be used in this doping procedure. In high temperature testing, 
limits in equipment safety restricted temperatures up to 70°C only. Higher temperature 
testing of these PAni membranes beyond 70°C would be interesting seeing as the 
polymer would forseeably still remain stable at these higher temperatures. 
Chapter 5 — Chemically Crosslinked PAni Membranes 
As alternatives to thermal crosslinking, chemically crosslinking PAni using GA and 
DCX was studied. Using GA and DCX gave better control of the crosslinking in terms 
of crosslinker concentrations and crosslinking time. As the reactions are not rapid, in 
addition to the resistance from diffusion through the dense membrane, crosslinking 
using chemical means required a longer time for membranes to become solvent-stable. 
One major advantage of chemical over thermal crosslinking was that these membranes 
gave much higher fluxes and were useful not just in methanol and acetone but in DMF 
as well. As with thermally crosslinked membranes, the MWCO of these membranes 
were low. However, the increase in solvent fluxes meant that these membranes were a 
marked improvement over thermally crosslinked membranes. OSN testing at elevated 
temperatures (up to 70°C) in DMF showed that the PAni membranes were stable in a 
harsh polar aprotic solvent even at high temperatures. 
Comparing GA and DCX, GA was preferred as DCX was insoluble in water. GA was 
also the more economic option. Comparison between nanofiltration performance curves 
indicated that the filtration performance was consistently different between thermal 
crosslinking, crosslinking with GA and crosslinking with DCX. This has prompted the 
hypothesis that the crosslinks were a major factor in determining nanofiltration 
performance. In fact, membranes crosslinked with DCX and GA gave nanofiltration 
properties even without doping with maleic acid. The presence of bulky crosslinks in 
the membrane matrix might be the reason for nanofiltration properties through these 
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membranes. GA gave looser nanofiltration membranes compared to DCX, possibly due 
to the more flexible crosslinks arising when using GA as crosslinker. 
In the modeling exercise, it is noted that the lack of data in the lesser-rejected portion of 
the S-shaped rejection curve means that certain liberal assumptions had to be made for 
lack of experimental data. For the modeling to be more accurate and hence more useful, 
smaller test solutes could be used to test the membranes to obtain these data points. For 
example, the n-alkanes as shown in Chapter 3 could be used for nanofiltration testing. 
Chapter 6-Scale-up ofPAni OSNMembranes 
With the establishment of methods to produce PAni OSN membranes in Chapters 4 and 
5, effort was shifted to scale-up membrane configurations to the pilot-plant scale. The 
feasibility of scale-up is essential in the transition from laboratory to the industrial scale. 
Here two configurations were investigated; spiral-wound elements for PAni fiat-sheet 
membranes and hollow fibres. The methodology for scaling up was certainly not trivial 
and required casting membranes with much larger areas. The success of the PAni spiral-
wound elements showed that the membranes could readily be adapted for large-scale 
configurations. Both methods of crosslinking, thermal and chemical, were shown to 
work well in the spiral-wound configurations. Spiral-wound element testing gave 
further evidence of the stability of the membranes in solvents such as DMF and 
operation at elevated temperatures. Module scale-up to industrial-scale dimensions 
could be an area of potential future study. 
Spinning of PAni hollow fibres was quite a different process and there were many more 
parameters to be considered during the spinning procedure. Factors such as air gap 
distance, spinning dope viscosity and fibre spinning rate were important in determining 
the structure and nanofiltration performance of the hollow fibres. Hollow fibre 
configurations allow for a much larger membrane surface area per volume thus 
significant permeate flux at a lower operating pressure of 6 bar could be obtained. The 
study on PAni hollow fibres has been preliminary and there is certainly considerable 
scope for further scaling up, especially in the design of the module into housing many 
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more than 4 fibres. Attempts could be made to decrease the hollow fibre diameters as 
this improvement would lead to increased surface areas per unit volume. 
Recommendations for Future Work 
a) Extension of oligostyrene test to <200 g mol"^  and investigate effect of test solutes on 
membrane fouling or absorption. 
It has been noted that although the oligostyrene test covers a substantial in the 
nanofiltration range of 200 - 1000 g mol'^ the lack of data points below 200 g mol"' 
mean that modeling work using these results will lack information in the lower portions 
of the expected rejection S-shape curve. Furthermore, for tight membranes like PAni in 
acetone, a MWCO cannot be determined since it is likely to be < 200 g mol"'. The use 
of styrene monomer has been tried but due to its volatility and the testing method using 
HPLC, this is not ideal. For future work, a separate method may be developed together 
with the oligostyrene test to obtain more data at the lower molecular weight range. A 
series of small alkanes or low molecular weight oligoethylene glycols are potential 
candidates for testing at this range. 
Another area for possible study would be the effect of these test solutes on fouling of 
the PAni membranes. It has been noted that during nanofiltration testing, solvent 
permeation is often lower when the oligostyrene test solutes are used as compared to 
pure solvent filtration. It is likely that the test solutes are absorbed or fouling the 
membrane thus retarding solvent permeation. Future work could involve the use of a 
pure solvent backwash and after testing has been done. An analysis of the backwash 
would reveal the extent of oligostyrene fouling in the PAni membrane. This could be 
done in addition to varying parameters such as membrane thickness to find out how 
fouling is distributed over the asymmetric structure of the membrane. 
Another area of study that has not been done here is the effect of fouling on the scaled-
up spiral wound modules. For industrial or commercial applications, a study on the 
extent and susceptibility of fouling on the PAni modules would be interesting especially 
with regards to permeation flux declines. 
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b) Optimisation of membrane permeation performance by investigating the crosslinking 
reaction. 
A major limitation of the PAni membrane is the relatively low organic solvent 
permeation flux. While the PAni membrane can operate in all kinds of organic solvents, 
the permeation flux is a few times smaller than commercially available membranes such 
as the Starmem membranes. One area that can be investigated is the optimization of 
crosslinking especially in chemical crosslinking. 
It has been seen in the PAni experiments that crosslinking, while stabilising the 
membrane, tends to reduce permeation flux by a large amount. Also, chemical 
crosslinking seems to take a long time and is currently performed over days. 
Optimisation by investigating the kinetics of the crosslinking reaction would possibly 
lead to higher permeation fluxes and shorter post-treatment processes. Future work can 
be done by first obtaining the rate of reaction of crosslinking between GA and DCX 
with PAni. This could be done possibly using calorimetry methods by exposing the 
PAni powder to various concentrations of crosslinkers. If heat of reaction is known, 
(there will be two heats of reaction due to the bifunctionality of the crosslinkers), the 
rate order and rate constant can both be obtained. Once this is known, the next step 
would be to find out if the reaction of the PAni membrane was reaction rate limiting or 
diffusion rate limiting. Once the kinetics of the reactions is understood, design 
parameters such as the concentration of crosslinkers used and time taken could then 
both be optimised. 
c) Testing PAni OSN membrane for practical applications. 
In this thesis, PAni membranes were developed for use in OSN. Unfortunately, filtration 
testing has been limited to oligostyrenes and it would be very interesting to see how the 
membranes and the modules perform for practical applications. Possible uses of PAni 
membranes for future work include separation of natural extracts (of very low molecular 
weight), separation of metallic catalysts or fouling agents such as platinum-assisted 
reactions and mercury extraction from refined fossil fuels. 
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Appendix A 
Model - Hindered Transport in Pores 
The pore-flow model is adopted to help us understand the effect of porosity formation 
through the use of acid dopants or crossKnker addition. Hindered transport within pores 
based on the hydrodynamic model will be the starting point. 
dc 
The terms for transport due to electric field gradient, activity gradient in the pore and 
effect of pressure on chemical potential within the pore are negligible and can be 
disregarded. Here, c and x are the solute concentration and axial position within the pore 
respectively. K c^ is the solute hindrance factor for convection. For diffusion, D p^ -
KijD„ where Kt^ is the solute hindrance factor, ji is the solute flux and can also be 
written as: 
where is the solute bulk permeate concentration. The expression of concentration 
gradient in equation (A-1) is integrated over the membrane thickness (0 < x < /IxJ, using 
the following boundary conditions, neglecting concentration polarisation: 
and (A-3) 
0 - is the uncharged solute steric partitioning coefficient [167, 168] where X is 
the ratio between solute radius and pore radius, X = and 0 > A > 1 .Considering a 
parabolic profile of the Hagen-Poiseuille type for solute velocity within pores, the solute 
hindrance factors for convection and diffusion for spherical solutes are [168]: 
K.^ = (2 - 0X1.0 + 0.054% - 0.988A' + 0.44 U ' ) (A-4) 
K.^ =1.0-2.3^ + 1.154A' + 0.2242' (A-5) 
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We can now define a Peclet number based on Hagen-Poiseuille definition of pore 
solvent velocity and cancel out the membrane thickness term. 
Pe, = 
A". vAx: 
V8//Av: 
K,yAP (A-6) 
Where zfP is the effective pressure and // is the solvent viscosity in the pores. 
Rearrangement and integration of equation (A-2) with the mentioned boundary 
conditions yields the equation for solute rejection: 
R. = l - ^ = 1 (A-7) 
Solute radius for each test species was obtained by Stokes Einstein equation: 
JrT 
Difftision coefficients of the solutes in the bulk solvent A > were determined by the 
Wilke-Chang equation where the solute molar volume at its normal boiling point v, was 
determined using a group contribution method [169]. 
D,.. =1.173 X 10-"(p,JW,)"^ (A-9) 
Equation (6) allows for the calculation of solute rejection based on a single parameter n. 
This assumes a membrane with exact and equal pore sizes. Isoporosity is unlikely to be 
true for most nanofiltration membranes and a pore size distribution would better 
describe the pores in a membrane. The mechanism for inducing porosity in the PAni 
membranes does suggest that the pores were dependent on acid dopant size or 
crosslinker size and thus the pores should have had similar sizes. However, it is still 
possible that pore size distribution exists in the PAi membranes. In any case, 
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understanding pore size distribution in a description of nanofiltration membranes does 
not exclude the analysis of isoporous membranes. A membrane with similarly sized 
pores would simply have a very small pore size standard deviation. Here, we will 
employ the use of the log-normal probability density function [170, 171]. The following 
form has been found to be useful expressing the probability density function^, in terms 
of mean pore radius r* and standard deviation a*: 
/ r ~ exp 
{\og{rlr*) + bliy 
26 
where b = log 1 + 
y 
(A-10) 
(A-11) 
Integration of the probability density function is performed over all possible pore radii 
(0 < r < oDj. This introduces the problem of selecting an appropriate upper limit for 
computation, dependent on the values of r* and o*. Also, integrating to very large pore 
sizes may cause the large pores to dominate the overall rejection and flux calculations. 
Thus it has been suggested that the distribution be truncated to negate the effect of the 
'tail' of large pores [163]. In the case of an isoporous membrane or if the standard 
deviation is very small, truncation would obviously have no effect on the result. All 
predicted pore radii must be included in the calculations so as to ensure that: 
\fRdr - 1 (A-12) 
So as to be able to integrate over the range of pore radii 0 < r < Vmax, where r^ax is a 
finite pore radius and the upper limit of the distribution, the new distribution function/'r 
can be obtained by scaling the distribution by the ratio of areas: 
A 
h 
1 (A-13) 
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which is subject to the Hmiting case that J'r as Vmax w. For this work, r^ax will be 
fixed at rmca = 2r*. 
With the introduction of a pore size probability density function, Equation (A-7) 
becomes a function of r and only calculates for each pore size. The overall solute 
rejection across all pores can be obtained deriving the permeate concentration Q, as the 
ratio of total mass of solute transported per unit area and the total volumetric flow per 
unit area. The total volumetric flow rate per unit area through each class of pore is 
calculated from: 
^0^ j /« {r)V{r)r^C,p {r)dr 
^ (A-14) 
NQ7i:^fR{r)V{r)r^dr 
where No is the total number of pores and since: 
C, , ( r ) = [1 --JR, (r)]C/ C/l-15) 
Substitution of Equations (A-14) and (A-15) and the Hagen-Poiseuille velocity into the 
expression for rejection will yield: 
\fA'-)V(ryC,,^r)dr \f,(,r)r'R,(r)dr 
Rejection =1 — = 1 - = (A-16) 
C,.^  J/«(r)F(r)rVr \fR{r)r^dr 
Inclusion of the truncation of log-normal distribution function yields: 
{r)r^Riir)dr 
Overall Rejection of solute i = — (A-17) 
\ f \ {r)rUr 
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To calculate solvent flux through the membrane, the total volumetric flow per unit area 
through each class of pore is: 
(2(r)== C/V-llS) 
Total volumetric flux Jv would then be obtained by integrating Equation (A-18) over all 
possible pore sizes; 
Jv = ^ 0^ j / f l {r)V{r)r^dr (A-19) 
0 
Once again, substitution using Hagen-Poiseuille flow velocity, division by pressure 
difference and truncation of the pore size distribution leads to the calculation of solvent 
permeability Lp. 
N, 
Ax 
This means that solvent permeability is defined by 4 parameters; r*, a*, No and Jx. 
Using solute rejection data, r* and a* can be estimated. Experimental result of the 
solvent permeability of one solvent would allow for the calculation of NQ/AX. Note that 
in Equation (A-20), the viscosity term has been represented as a function of r. The 
effect of changing solvent viscosity in nanofiltration pores has been discussed 
qualitatively [172]. Bowen and Welfoot have suggested that there is experimental 
evidence to claim that one layer of adsorbed solvent molecules at the pore wall remains 
intact under shear [160]. They have approximated for an annulus one molecule thick 
within the cylindrical pores to have an increased viscosity 10 times that of the bulk; 
Miayer = lOjiio. Averaging viscosity in terms of area and rearrangement of terms using 
area of annulus gives; 
y"o 
^ solv 
y r ) - 9 
\2 
solv 
\ r J 
(A-21) 
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where dsoiv is the solvent diameter. Application of Equation (A-21) into Equation (A-20) 
would allow us to see the effects of not just bulk viscosity, but solvent size on solvent 
permeability. 
Estimations of r* and a* for each solvent type were obtained by fitting the calculated 
rejections for each solute to the experimentally determined rejection values. Solute 
dependent parameters were first calculated. Next, starting with estimates of r* and a*, 
solutions for Equation (A-17) for each solute was iterated. The problem was defined 
using gPROMs (PSE Ltd, UK) and solved using the parameter estimation tool. A 
heteroscedastic variance model was used for iteration [173, 174]. Integration bounds of 
both variables were limited between 0 - 1 0 nm and solutions were accepted only if 
predicted values fell within a 95% confidence interval. 
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Appendix B 
PAni Hollow Fibres for Gas Separation 
B.l Abstract 
This work builds upon the methods for PAni hollow fibre spinning from Chapter 6 to 
extend the use of these fibres for gas separations. PAni membranes for gas separations 
have been a well-researched topic in the literature but development beyond laboratory-
scale studies have yet to be reported. This work describes the manufacturing of PAni 
hollow fibres which possess gas separation selectivities comparable to those reported in 
the literature for dense film PAni membranes. Gas pair selectivities of 364 for H2/N2 
and 10 for O2/N2 were achieved for these hollow fibres. These hollow fibres were 
asymmetric in structure and made using a dry-wet spirming process. A novel method of 
incorporating a volatile co-solvent, THF, in the dope solution allowed spinning of fibres 
with a very dense outer layer. This ultra-dense layer was absent in fibres spun from 
solutions using only NMP and is crucial in ensuring that the fibres had good gas 
separation properties. So as to remove defects, thermal crosslinking in addition to 
silicon elastomer coating were found to be very effective. Although gas permeation 
fluxes through these working fibres were slow, several potential sfrategies are presented 
to increase the fluxes of these fibres whilst maintaining gas selectivities. 
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B.2 Introduction 
PAni membranes for gas separations have been covered by many studies in the 
Hterature as mentioned in Chapter 2. Indeed, the premise for pore-inducing for liquid 
nanofiltration covered in Chapter 4 was first inspired by gas separation studies 
performed on dense-film PAni flat-sheet membranes [6]. Although remarkable gas 
selectivities have been reported for these PAni membranes, at present, no PAni 
membrane for gas separations has been commercialised or even studied for larger scale 
operations. Unfortunately, most studies were focused on dense film PAni membranes 
made from techniques involving solvent evaporation of dilute PAni solutions. Though 
possible, it is considerably more difficult to scale-up the production of such membranes 
compared to the relatively easier method of fabricating phase inversion membranes. 
Furthermore, these dense-film PAni membranes gave relatively low fluxes due to the 
thickness of the membranes required for mechanical stability. Solutions to this problem 
have involved coating ultrathin layers of PAni onto a support material such as PVDF 
[96]. Even so, the PAni layers were reported to be 1 - 10 [xm thick. However this was a 
marked decrease fi-om previously reported gas separation dense film PAni membranes 
that ranged from 15-100 jim. 
Recent improvements in PAni processing technology have led to advances in PAni 
membrane fabrication techniques and hollow fibres are an attractive morphology to 
adopt for gas separation purposes. For example, industrially available hollow fibres for 
gas separations include polyimide based membranes (Ube Industries) [175]. Therefore, 
it is surprising that although PAni hollow fibres have been fabricated, there has yet to be 
a published study on PAni hollow fibres for gas separations. PAni hollow fibre articles 
have been fabricated as early as 1997 [115]. These fibres were tested for their 
conductivity properties rather than as separation membranes. Since then, improvements 
on hollow fibre morphology has been accomplished by Norris et al. where they showed 
that they could eliminate macrovoids in their hollow fibres by using a phosphoric 
acid/water solution as bore fluid [117]. However, these fibres were fabricated and tested 
for use to dehumidify air steams [176]. Yang et al. [177] have also attempted to spin 
hollow fibres for gas permeation using acetone coagulation baths. They obtained very 
dense hollow fibres but other than obtaining low H2 gas fluxes of 0.05 GPU (1 GPU = 
10~®cm^ (STP)/cm^ s cmHg), no separation factors were calculated. Manufacture of 
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PAni gas separation articles have previously been patented and the possibility of 
adapting to hollow fibres was alluded to in the patent but unfortunately, no gas 
separation properties of these hollow fibres were reported [178]. 
In Chapter 6, it was shown that PAni hollow fibres could be successfully spun by 
adopting techniques used in making OSN flat-sheet membranes. These PAni hollow 
fibres, made from maleic acid-doped PAni solutions, were shown to have useful liquid 
nanofiltration properties. Even without the use of acid dopants, initial experiments and 
attempts to spin PAni hollow fibres revealed that micro-defects were ever present in the 
as-spun hollow fibres. This problem is not new however and had been noted previously 
by investigators of dense-film PAni gas separation membranes [95]. Fabricating 
integrally skinned asymmetric hollow fibres from concentrated PAni solutions is in 
itself a technically challenging issue. In this work, we will employ similar methods as 
adopted in previous chapters to enable us to spin PAni hollow fibres for use in gas 
separation applications. Particular emphasis will be placed on micro-defect elimination 
during and after the spinning process. 
It is important at this point to briefly review the gas separation properties of polymeric 
membranes reported in the literature. The Robeson limits have been recently updated 
and provide a comprehensive review and summary of gas separation selectivities and 
fluxes of various membranes [179]. The trade-off between selectivity and permeability 
is well illustrated in the upper bound curves provided. Both properties are equally 
important for industrially usefiil gas separation membranes. Efforts to exceed the 
original upper bound limits [180] have been successful especially in the areas utilising 
heterogeneous membranes in particular mixed matrix techniques espoused by Koros et 
al. [181]. Other novel methods used by investigators have been based on surface 
modification techniques such as UV, ion beam modification and surface fluorination. Of 
the many polymer types shown to have been pushing the upper bound limits include 
PAni; showing impressive separation data especially in testing CO2/CH4 and H2/CO2 
gas pairs. Therefore, PAni, as a polymeric material for gas separation, is still very much 
relevant. 
Here, attempts will firstly be made for the hollow fibres to replicate the selectivities 
achieved by as-cast (undoped) PAni dense-film membranes as reported in the literature 
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(Table B.l). Emphasis will be placed on studying H2/N2 separation factors due to the 
large values reported in the literature. Also, the O2/N2 separation factor is always 
interesting due to the similar sizes between both molecules and importance in separation 
of the main constituents of air. Here, the development of using a volatile co-solvent to 
dissolve PAni so as to encourage dense-layer formation during the spinning process will 
be described. Post-spinning procedures for micro-defect elimination include thermal 
crosslinking and the well-employed use of silicon elastomer coating of the PAni hollow 
fibres. 
Table B.l Highest selectivity values for gas pairs obtained for self-supported and 
supported PAni films as reported in the literature. 
Study Ideal separation factor, a 
H2/N2 O2/N2 H2/CO2 H2/O2 c o y o z CO2/N2 
Anderson et al. [6] 207 9.5 7.3 21.8 3.0 283 
Kaneret al. [182] 164 6.7 5.0 24.6 4.9 32.7 
Rebattet et al. [183] 195 6.4 7.8 30.7 3.9 25.1 
Wang et al. [184] 265 9.1 6.1 29.0 4.8 38.7 
Illing et al. [95] 164 9.8 5.1 16.8 3.3 32.3 
Wang and Mattes [178] 75.2 5.6 2.3 9.9 4.3 32.7 
Gupta et al. [97] 348 7.1 8.6 69.5 8.1 40.4 
B.3 Experimental 
B.3.1 PAni synthesis 
PAni was synthesised in our laboratories using the method established in Chapter 3. The 
polymer was synthesised at -15°C to give high molecular weight PAni. The reason for 
this was to ensure that the spinning dope solution was of a high enough viscosity 
required for hollow fibre spinning. Higher molecular weight polymer might also yield 
fibres with fewer defects. 
B.3.2 Preparation of PAni spinning solution 
After the synthesised PAni powder was fully processed, it was added to NMP for 
dissolution. 4MP was used as gel inhibitor similar to previous chapters and mixed well 
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into the NMP before PAni addition. After complete dissolution, degassing took place in 
a -0.4 bar vacuum for 4 h to remove air trapped in the solution during stirring. To 
prepare solutions with THF, this was added to the solution before addition of the PAni 
powder. For NMP/THF solutions, the composition was 50:50 (v/v%). 
B.3.3 Dry-wet spinning of hollow fibres 
The hollow fibre spinning apparatus was similar to the one used in Chapter 6. The 
degassed PAni solution was transferred to a stainless steel reservoir and pressurised to 
2.1 ± 0.2 bar using pure nitrogen. A tube-in-orifice spinneret with an orifice with an 
OD/ID of 1.0/0.7 mm was used to obtain hollow fibre membranes. Various air gap 
distances were used firom 3 - 50 cm so as to vary the residence time of hollow fibres in 
air. Water was used as both internal and external coagulant for all spinning runs. Hollow 
fibres were passed through and immersed in a water bath for at least 24 h to complete 
the solidification process. Table B.2 details the spinning conditions used. 
Table B.2 Parameters for preparing PAni hollow fibre membranes. 
Spinning Parameters 
PAni concentration (wt.%) 20 
Dope solution viscosity (cP) 31 000 
Internal coagulant temperature (°C) 20 
Internal coagulant flow rate (ml.min"') 1 
Coagulation bath temperature (°C) 20 
Nitrogen pressure (bar) 2.1 
Air gap (cm) 3,20,50 
Extrusion rate (m.min"') 6 
B.3.4 Post-spinning processing 
Various post-spinning processes were carried out in attempts to study hollow fibre gas 
selectivity and permeation rates. Before the hollow fibres were tested, they were 
checked for visible defects and dried in air for at least 24 h. Processes used to reduce 
defects in the hollow fibres included thermal crosslinking and coating with silicon 
elastomer. When required, thermal crosslinking of the fibres was carried out at 180°C 
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for 1 h in air. To coat fibres, a 3 wt.% solution of a silicon elastomer (Dow Coming, 
Sylgard 184) was made using pentane as solvent. If thermal crosslinking was required, 
coating would proceed after thermal treatment. For the coating process, fibres were 
immersed in the coating solution for 5 min before removal for curing. Curing was 
performed at room temperature for 24 h before gas testing. 
B.3.5 SEM 
Scarming electron micrographs of PAni hollow fibre membranes were recorded using a 
scanning electron microscope (JEOL JSM-5610LV, Japan). The hollow fibres were first 
immersed in ethanol and then snapped in liquid nitrogen to obtain an even cross-section. 
The samples were then mounted onto SEM stubs and sputtered with gold using an 
Emitech K550 sputter coater. 
B.3.6 Hollow fibre gas permeation measurement 
The hollow fibre membranes prepared above were first assembled as modules, each of 
which contained 4 hollow fibres of length 1 0 - 1 5 cm each. The gas permeation 
measurements were then taken on a permeation rig at various differential pressures from 
2.1 - 4.2 bar using high purity (>99%) nitrogen, hydrogen, oxygen and carbon dioxide 
(BOC Gases) for testing. A bubble soap meter was employed to measure the volumetric 
gas flow rate and the results were then used for calculation of selectivity a, and the 
permeation rate. For much lower gas permeation rates (such as N2), the testing 
apparatus consisted of a 1 ml fine bore meter accurate to 0.005 ml. Also large areas of 
hollow fibres were tested so as to ensure that the results were representative. Larger 
areas also meant that readings could be taken faster, which for bubble-meter methods, is 
required for accuracy. Only pure gases were tested and sufficient time was allowed for 
purging and stabilisation permeation flux in between all readings. 
B.4 Results and Discussion 
In the course of our investigation, it became clear why it was difficult to study PAni gas 
permeation hollow fibres. Conventional methods of hollow fibre casting produced fibres 
that were very porous and not dense enough. Furthermore, many of the hollow fibres 
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contained defects. The problem of micro-defects in hollow fibres was persistent and 
recurring. Although this was not an unusual phenomenon, the existence of only a small 
number of micro-defects will greatly affect the gas separation performance of hollow 
fibre membranes. If transport through the micro-defects becomes dominant, Knudsen 
diffusion will be the dominant transport mechanism for gases through a membrane. 
From manipulation of the kinetic theory of gases, it can be shown that the separation 
factor for a binary gas pair in the Knudsen diffusion regime is based on the inverse 
square root ratio of the molecular weights of the two gases. 
where a is the selectivity, Pe refers to the permeability and M is the molecular weight of 
gas species A and B. 
Many of the hollow fibres spun and tested were either highly porous or contained many 
micro-defects. During testing, these fibres would give unexpectedly high gas 
permeation rates. A calculation of the separation factors and comparison with the 
expected separation factors based on Knudsen diffusion (Table B.3) would show if the 
fibres contained defects or were simply too porous. 
Table B.3 Ideal separation factors of microporous membranes 
Gas Pair 
Ideal ttAB: (Ma/Mb)''' 
(Knudsen diffusion) 
H2/N2 3.74 
N2/O2 1.07 
H2/CO2 4.69 
H2/O2 4.00 
N2/CO2 1.25 
O2/CO2 1.17 
Table B.4 below gives a summary of the gas permeation results performed on hollow 
fibres made with various methods and were put though various post-spinning processes. 
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Table B.4 Gas permeation results of various PAni hollow fibres. Units for flux is the 
gas permeation unit (1 GPU = 10"^  cm^ (STP)/cm^ s cmHg). 
Hollow Fibre 
Ideal separation factor Pressure-normalised 
a flux (GPU) 
H2/N2 O2/N2 H2/O2 H2 N2 O2 
NMP solvent, 3 cm air gap 
crosslinked and coating 2.1 1.0 2.1 36.3 17.7 17.3 
NMP solvent, 50 cm air gap 
as-cast 2.5 1.1 2.4 20.3 7.97 8.60 
crosslinked only 2.4 1.0 2.4 12.4 5.13 5.15 
crosslinked and coating 6.3 1.1 5.5 6.02 0.96 1.09 
NMP/THF solvent, 20 cm air gap 
as-cast 4.3 1.1 3.9 14.94 3.48 3.85 
crosslinked only 6.1 1.0 6.0 16.99 2.78 2.83 
crosslinked and coating 18.9 1.3 14.4 7.8 0.41 0.54 
NMP/THF solvent, 50 cm air gap 
as-cast 38.1 3.4 11.3 10.3 0.27 0.91 
crosslinked only 69.0 4.9 14.2 2.83 0.041 0.20 
crosslinked and coating 364 10.0 36.4 7.64 0.021 0.21 
The results show a progression of testing as attempts were made to improve the hollow 
fibre separation factors. Initially, applying techniques used in spinning PAni hollow 
fibres for liquid filtration, the polymer was dissolved only in NMP. All fibres spun 
using this method gave very porous membranes. All gas permeation tests on these fibres 
gave separation factors similar to or even worse than those predicted by Knudsen 
diffusion. The highly micro-porous structure of the fibres we obtained was not 
surprising since this was the same technique used for making solvent nanofiltration 
membranes. Since NMP was a high-boiling point solvent and very hydrophilic, the 
evaporation rate was slow in the air gap and the subsequent fast demixing in the 
coagulation bath would likely yield very porous membranes [7]. However, when the air 
gap was changed from 3 cm to 50 cm, we could see a difference in gas permeation 
performance. Although the permeation rates dropped significantly, by thermal 
crosslinking and coating hollow fibres produced using a much longer air gap, a 
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separation factor of 6.3 for H2/N2 was obtainable. This was an improvement over the 
value of 3.74 based on Knudsen diffusion. By increasing the air gap and thus increasing 
the residence time in air, more THF evaporation from the outer surface of the fibres 
could occur. 
So as to improve upon the evaporation rate, a volatile co-solvent was added to the dope 
solution. THF was the co-solvent chosen as we had found from experience that THF did 
dissolve high molecular weight PAni albeit at lower concentrations. Initial testing to 
study the amount of THF that could be used for 20 wt.% PAni dope solutions showed 
that when THF exceeded 60 wt.%, the solution would quickly gel. Therefore, in order to 
still obtain a high evaporation rate whilst preventing the solution from gelling up in the 
time of mixing, NMP/THF solutions containing 50 wt.% of THF were used. This 
proved to be very successftil and in the first spinning with a 20 cm air gap and as-cast 
hollow fibres gave a gas selectivity of 4.3 for H2/N2. Further thermal treatment and 
silicon elastomer coating gave significantly improved selectivity of 18.9 for H2/N2. 
These were the highest selectivities achieved compared to NMP only solutions and 
showed that the co-solvent did make a difference to gas permeation performance. It was 
concluded that a denser outer layer could be formed due to the presence of highly 
volatile THF. So as to improve the selectivity between the gas pairs that were tested, a 
much longer air gap was used for spinning hollow fibres. 
Testing of as-cast hollow fibres from NMP/THF solution at 50 cm immediately showed 
the significance of a long air gap. Selectivities of H2/N2 were recorded at 38.9 and 
O2/N2 at 3.4. These values were already higher than all previous testing results obtained 
in this study. By applying thermal treatment and subsequent silicon elastomer coating of 
these fibres, highly selective gas permeation hollow fibres were obtained. H2/N2 
selectivity reached 364 and O2/N2 selectivity was recorded at 10.0. A comparison of the 
gas selectivities with Table B.l show that the separation factors were similar and even 
slightly outperformed those reported in the literature for dense film PAni membranes. 
The results for these fibres were reproducible and the values shown in Table B.4 
actually represent the best results obtained from all the testing that had been conducted. 
The separation factors for the hollow fibres vary between tests and we have found a for 
H2/N2 to vary from 248 - 364 and a for O2/N2 to vary from 7.7 - 10.0. The variation 
was possibly attributed to micro-defects that could not be completely eliminated. 
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Hollow fibres spun using the conventional method of a dope solution of PAni dissolved 
in NMP and a suitable gel-inhibitor had very porous sub-structures with large 
macropores on both surfaces. This can be seen in the SEM pictures (A) in Figure B.l. 
Although there is a thin dense layer on both surfaces, which is typical of phase inversion 
membranes, the large number of macropores may result in mechanical instability and 
indicate microporosity. For gas separations, the outer layer of the hollow fibres needs to 
be dense and defect-fi-ee. Although Norris et al. [117] advocated the use of a long 
residence time in the air gap, no differences were observed in membrane structure or 
gas permeation performances between fibres spun from a conventional dope solution 
using different air gaps ranging from 2 - 5 0 cm. 
SEM pictures of hollow fibres made from NMP/THF solutions in Figure B.l (B) show 
that the macro voids on the outer surface had been completely eliminated using a 50 cm 
air gap. The use of a long air gap is crucial for forming a completely dense outer layer. 
Figure B.l (C) shows that hollow fibres made using NMP/THF dope solution with a 
shorter air gap still contain a few macrovoids on the outer layer. Although macrovoids 
do not generally mean that the membranes are not completely dense, gas permeation 
testing showed that volatile THF and a long residence time in the air gap (or long air 
gap) is required for fabricating hollow fibres that give good gas separations. 
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Figure B.l SEM pictures of PAni hollow fibres. (A) hollow fibres made from 
conventional NMP dope solution, 50 cm air gap. (B) hollow fibres made from 
NMP/THF, dope solution using 50 cm air gap. (C) hollow fibres made from NMP/THF 
dope solution using 20 cm air gap. 
Unfortunately, the SEM pictures did not allow us to see any of the micro-defects. 
Throughout testing, the presence of leaks (resulting unexpectedly high gas permeation 
rates) was prevalent. Since these leaks were hypothesised to have arisen from micro-
defects, elimination of these micro-defects was important to obtain useful hollow fibres. 
So as to eliminate these micro-defects, the fibres were first put through thermal 
crosslinking and thereafter, silicon elastomer coating. Although it was found that the 
combination of these two processes did help eliminate micro-defects, the gas 
permeation rates of the hollow fibres decreased with each step of defect elimination. In 
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all experiments, the thermal crosslinking step always led to a decrease in permeation 
rates. This trend was similar to thermal crosslinking experiments performed on OSN 
membranes. The effects of thermal crosslinking on PAni membranes were covered in 
Chapter 4. Table B.4 shows a general decline in gas permeation flux as gas pair 
selectivities improved. The trade-off between permeation rate and selectivity was 
typical of membrane behaviour but due to this flux decline, fibres that gave excellent 
selectivities had very low gas permeation rates; 7.64 GPU for H2, 0.021 GPU for N2 and 
0.21 GPU for O2. Compared with industrially available membranes, the gas permeation 
flux was two orders of magnitude lower. Looking at the Robeson limits for H2/N2 gas 
separation, the results from the PAni hollow fibres were below the limit for the prior 
upper bound and well under the present upper bound [179]. An increase in the gas 
permeation flux will be an important step in improving the performance of these hollow 
fibres. Such a low permeation flux was actually expected as the entire strategy of using 
THF as a co-solvent was geared towards maximising the dense outer layer and gas 
selectivities. In the next section, strategies aimed at preserving these high selectivities 
and at the same time increasing the gas permeation rates will be explored. 
B.5 Future Studies on PAni hollow fibres for gas permeation 
As this is very much a work in progress, a substantial section will be devoted to 
recommendations to future studies in this area. With the establishment of a platform for 
producing PAni hollow fibres with high selectivities, improvements to gas permeation 
rates could possibly be obtained by one or a combination of the strategies outlined 
below: 
1. Using less THF as volatile co-solvent 
Since the aim of using THF was to create a thick dense skin on the outer layer, a 
decreased amount of THF could be used to reduce the thickness of the dense 
skin. This could possibly lead to higher gas permeation rates. However, since the 
use of THF was the main strategy behind producing useful gas permeation 
hollow fibres, the decrease in the amount of THF used and hence evaporation 
could also lead increase in micro-defects. Another advantage from using less 
THF is that since THF is not a very good solvent for PAni, there will be lesser 
problems due to localised gelation. Localised gelation led to the development of 
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obvious defects or bumps in certain sections of the hollow fibres spun. By 
optimising the amount of THF used, both gas permeation rates and ease of 
hollow fibre spinning could be improved. 
2. Optimising residence time in the air gap/air gap distance 
Other than using less THF, the air gap for spinning could be optimised. After 
analysing the results from gas testing, the conclusion was that the best gas 
permeation results were obtained fi-om fibres spun with a very long air gap 
hence a longer residence time in air. Much like using less THF, a decrease in the 
air gap could mean decreased thickness of the dense outer layer in the hollow 
fibres leading to higher gas permeation rates. With longer air gaps, it follows 
that they would be more elongation stress on hollow fibre formation. Studies 
have shown that with smaller air gaps, gas permeation rates in polymeric hollow 
fibres increased [185, 186]. Other studies have concluded that the air gap stage 
in hollow fibre manufacture is a complicated step and although increased air 
gaps generally lead to an increase in fluxes, this may not always be the case 
[187]. In liquid filtrations, Seetoh et al. [188] have also found that analogously, 
an increased evaporation time in the formation of OSN membranes led to 
observations of decreased solvent flux. 
3. Optimisation of spinning extrusion rate 
With all other parameters constant, an increased extrusion flow rate would lead 
to a decreased in residence time in the air gap. However, researchers have found 
that with high extrusion rates 7 - 10 m min'\ permeation rates decrease with 
increased separation. This has been attributed to greater molecular orientation of 
the polymer at the spinneret due to the higher shear rates experienced [189]. This 
effect of extrusion shear rate on the gas separation characteristics of polymeric 
hollow fibres has also been noted by other researchers [190]. 
The first three factors of hollow fibre are closely related to each other as they all affect 
the thickness of the dense outer layer of the hollow fibres. Other than affecting the 
evaporation rate of THF during spinning however, other factors such as 
thermodynamics of the spinning dope solution and the effect of extrusion rate on 
molecular orientation of the fibres come into play. In assessing all three factors, the 
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combination of using high extrusion rates, to maintain high selectivities, a decrease in 
air gap and a decreased amount of THF used could possibly be carried out to increase 
the gas permeation flux. 
The next three strategies described will deal with mitigating defect formation. Effective 
defect elimination would result in a lesser degree or even possible elimination of defect-
reducing steps. From the results obtained, both thermal crosslinking and elastomer 
coating, whilst successful in reducing defects, always led to a decrease in flux. 
Reducing the need for these steps could result in higher gas permeation fluxes. 
4. Changing the composition of the coagulation bath 
Norris et al. [117] have shown that by using phosphoric acid solutions as 
coagulation bath, less macroporous and more spongy hollow fibres could be 
formed. Once again, although macropores do not imply less defects, 
macroporous structures have been associated with instantaneous demixing 
phenomena which tend to lead to more porous structures [7]. By using a 
different coagulation bath composition so as to decrease the speed of demixing 
during the phase inversion process, denser and possibly defect-free hollow fibres 
could be spun. 
5. Adding a non-solvent to destabilise the PAni dope 
By adding a suitable amount of non-solvent, the rates of solvent and non-solvent 
outflow would affect the morphology of the hollow fibres. The effects of non-
solvent have been studied extensively and the thermodynamics that favours 
dense layer formation lies in the higher efflux of non-solvent compared to 
solvent during membrane formation [191]. By adding a suitable type and 
quantity of non-solvent, defect formation could be reduced due to a denser layer 
formation. Typically, a ternary phase diagram would help in identifying the 
amount of non-solvent additive although it might be complicated in this case due 
to the presence of both solvent and gel-inhibitor. 
6. Complete thermal crosslinking and elimination of silicon elastomer coating 
process 
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In this study, both thermal crosslinking and silicon elastomer coating were used 
to eliminate defects. In Chapter 4, it was discovered that thermal crosslinking at 
higher temperatures and for longer periods lead to densification of the PAni flat-
sheet membranes resulting in almost no solvent fluxes. Thus, complete 
densification of hollow fibres here by application of a more rigorous thermal 
treatment could potentially eliminate the step of silicon elastomer coating. The 
elimination of the need for silicon elastomer coating would be an advantage in 
itself. Many gas permeation polymeric hollow fibres in the literature report the 
use of silicon elastomer coating to mitigate micro-defects. Since PAni can 
undergo thermal treatment, the ability to eliminate the coating step could be an 
attractive attribute for PAni hollow fibres. Furthermore, since the silicon 
elastomer is not stable at high temperatures, if the thermal crosslinking step was 
solely used for defect elimination, PAni could be useful for high temperature 
applications such as the in the water-gas shift reactions needed for H2 production 
[192]. 
B.6 Conclusions 
PAni hollow fibres with high gas selectivities have been fabricated using THF as a 
volatile co-solvent in the dope solution. The gas selectivities obtained are similar to 
those achieved by studies performed on dense film PAni membranes. Although micro-
defects were present in all fibres produced, a series of post-fabrication processes using 
thermal treatment and silicon elastomer coating could be applied to eliminate these 
micro-defects. From the results, the use of a volatile co-solvent in combination with 
spinning using a large air gap (50cm) gave the best separation factors. This was 
probably because the air gap allowed for a longer residence time for higher rates of THF 
evaporation to form a dense outer layer on the hollow fibres. This could be seen directly 
firom the SEM pictures. With a dense outer layer, gas separation improved possibly 
because defects could be minimised. Although the gas permeation fluxes for these 
hollow fibres were low overall, a few strategies for future work into increasing the gas 
permeation fluxes are included. 
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